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PREFAi'E 


This volume contains the papers and discussions on non-ferrous 
metallurgy industrial managcanent and kindred subjects that were 
presented at the Colorado and Milwaukee meetings in the Fall of 1918, 
and at the New York meeting in February, 1919. 

These papers were printed in Bulletins 135 to 140 inclusive, but 
Vol. LX does not completely supersede any BulUtin, 

Reports of the Proceedings of the Colorado and ^Milwaukee meetings 
are also printed in this volume. 
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It was peculiarly fitting that the American mining engineer, holding 
a war-time conference, should have chosen for the scene of the meeting 
the State of Colorado, better endowed, perhaps, than any other State to 
fill the need for war minerals. The 117th meeting of the American In- 
stitute of Mining Engineers reflected in both technical and social features 
an enthusiastic effort to support every aim of a war-winning character. 

Although avoiding any lavishness of display or extravagant enter- 
tainment, inappropriate to the times, the Colorado members of the In- 
stitute provided a week of well varied instruction and recreation such 
as can only be offered amid the snow-peaked mountains of the State. 
The fact that during all but one day of the week ‘‘nature^s dewy tear 
drops'^ fell intermittently failed to detract from the successful execution 
of the Committee's plans. 

Two days in Denver and four in Colorado Springs, from which ex- 
cursions were made to the Cripple Creek district and Pueblo, comprised 
the program. On Sunday, Sept. 1, the visiting members and their guests 
arrived in Denver. Registration at the headquarters in the Brown 
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Palace Hotel showed a total of 275 on Sunday night, which number was 
increased to more than 500 before the close of the meeting. ^ 

Sunday was spent in a visit to the City Park Museum in Denver ; 
attendance at a special recital on the municipal organ, said to be the 
largest and most complete orchestral organ in the world; a special 
evening display of the electric fountain at City Park, and automobile 
processions through the City Parks and Boulevards. 

On Monday, Sept. 2, shortly after nine o^clock, the first technical 
session of the meeting was held. Thomas B. Stearns presided and directed 
the discussion on Metallurgy. 

Two hours later, the delegates, conveyed by automobiles, were in- 
specting the electric ferromanganese furnaces of the Iron Mountain 
Alloy Co., at Utah Junction, three miles from Denver. This plant, it 



was said, is being used experimentally for war purposes preparatory to 
larger developments. It is in many ways similar to the type of plant at 
Anaconda, though lacking some of the modern improvements. 

Monday noon a luncheon was served to the members, and about one 
hundred ladies who were guests, in the Denver Club. Following the 
luncheon, Thomas B. Stearns, Chairman of the Denver Finance Com- 
mittee of the convention, welcomed the party to Denver and made a 
bit of history by the remark that inclement weather had come ‘^for the 
first time in 365 days.'’ Mr. Stearns introduced Mayor W. F. R. Mills, 
who explained some of the scenic features of Denver and then welcomed 
the delegates with the words ‘‘the City is yours." President Sidney 
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J. Jennings of the Institute thanked Mayor MiUa and the Denver members 
on behalf of the guests. 

Immediately after luncheon the party left in automobiles for Lookout 
Mountain and Genesee Park, a unique municipal development in that 
it lies 20 miles from the administrative center. En route, many of the 
guests were taken to the Herold Pottery Works, at Golden, for an inspec- 
tion of the process of manufacturing high-grade chemical porcelain. 

Following the Lariat trail on Lookout Mountain, over roads built 
by the City of Denver, the party reached the summit in about one hour 
and a half. Here is the grave of Col. William F. Cody (Buffalo Bill) 
covered by native rocks and stones. Many of the party added their 
pieces to the monument, rough hewn as the man himself, by placing a 
stone on his resting place. 

In the course of the afternoon^s tour, which included a trip through 
Genesee Park and along the banks of the beautiful Bear Creek, a thunder 
storm broke around the mountains, the greater part being in the clouds 
beneath the summit of Lookout. It was possible to look down upon the 
storm from the high altitude and after a few minutes to observe the sun 
shining through the great white clouds as they parted. 

On Monday evening a dinner was served informally in the Denver 
Country Club to some 300 persons. Following dinner, F. B. Burbridge 
of Denver established a record as toastmaster by limiting six speakers 
to a total of 45 minutes. The speakers were Sidney J. Jennings, E, P. 
Mathewson, H. Foster Bain, C. W. Goodale, Thomas B. Stearns, and 

Horace V. Winchell. ^ j i. • 

On the following morning the party journeyed by motor and tram 
to Colorado Springs, arriving at the meeting headquarters, the Broad- 
moor Hotel, at about noon. At one o'clock a splendid luncheon was 

served in the hotel dining rooms. . i xu j. 

An hour later a memorial service for Dr. J ames Douglas, in the theatre 
of the hotel, was attended by every member. President Sidney J. 
Jennings presided and, after paying a tribute to Dr. Douglas, introduced 
E. P. Mathewson, representing the Canadian Mining Institute, wbO; 
as a fellow Canadian, told of Dr. Douglas' early life in the Dominion; 
Walter Renton Ingalls, editor of the Engineering and Mining Journal y 
representing the Mining and Metallurgical Society of America, who spoke 
of Dr. Douglas as a scientist; and T. H. O'Brien, representing the Phelps- 
Dodge Corporation. The words of these men made a deep impression 
upon those present. (A full report of this service is given on pages 


A series of motion pictures, showing the adaptation to industry of 
soldiers crippled or disabled in war, were later shown in the theatre. 
These pictures were made by the Canadian Government and loaned to the 
Institute by the U. S. Department of the Interior. The opportunities 
thus far opened to cripples from the war, as pictured, apprised many 
and, as indicated by informal remarks, strpgthened their desire to 
provide “a better place for the cripple than he had held before and to give 

him the preference.” . . . 

The remainder of Tuesday afternoon was pven over to two simul- 
taneous technical sessions, one on Ore-dressing and Cyamdation, pr^ 
sided over by G. H. Clevenger, and the other on Coal and Coke, at which 
A. E. Carlton presided. At this latter session many members of the 
Eocky Mountain Coal Mining Institute were present, though not holding 
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a joint meeting with the Institute, as planned, because of the absence 
of their president. 

The Ladies’ Committee of Colorado Springs furnished an interesting 
program during the time of the technical sessions, which included visits 
by automobile to the Garden of the Gods and Glen Eyrie, and tea in 
the Castle of the Glen. Throughout the week the Ladies’ Committee 
provided many features of special interest to the visiting ladies. 

During Tuesday evening a formal reception and dance was held in 
the Broadmoor Hotel, continuing until after midnight. 

Despite a heavy mist on Wednesday morning, Sept. 4, a train of 
mining engineers was ready for a trip to the Cripple Creek District, at 
8 o’clock. A special train on the Colorado Midland Railroad was 
provided by the hosts, and about 11 o’clock the party was skirting the 
mountainside in sight of the District. The little town of Altman, said 
to be the highest incorporated town in the world, was passed and a 
little later the train reached Victor, where a luncheon was served in a 
great tent, pitched near the tracks, by the Portland Gold Mining Co. 
The party then spent some two hours inspecting the Independence mill. 
During the visit some of the guests were taken through the Cresson mine, 
producing the highest-grade ore of the district, and others walked or 
motored down the deserted streets of the town. The romances, the 
tragedies and the disappointments of gold mining in Cripple Creek 
were all in evidence, but only as memories. The business of gold mining 
no longer reads like a story book in Cripple Creek. 

The special train returned to Colorado Springs at 6 o’clock. That 
evening. Dr. Richard B. Moore opened a technical session on Geology 
and Mining in the theatre of the Broadmoor Hotel, with a series of 
experiments with radium, presented in a semi-popular manner, and in- 
dicating the uses to which radium has been put in the war. This was 
followed by the discussion of other subjects related to the topic of the 
evening, H. Foster Bain presiding. During this session, the Secretary 
presented the following resolution, recommended by the Board of 
Directors, which was unanimously passed by the members; 

RESOLVED : That the following minute be entered in the Proceed- 
ings of this meeting, and that a copy thereof, signed by the President and 
Secretary, be sent to the family of Dr. Douglas. 

Through the death of James Douglas, this Institute, in common with the {pro- 
fessions of mining and metallurgy, and the representatives of liberal learning, technical 
education, wise philanthropy, and social progress throughout the world, is called 
to deplore the loss of an inspiring leader, tireless laborer, loyal and helpful friend. 

Dr. Douglas’ sympathies, quick toward every worthy cause, were especially 
drawn toward the Institute, because its chief purpose, namely, the free interchange 
of professional knowledge and experience, commanded his l&e-long allegiance, not 
only as a dictate of wise policy, but also as the result of an irresistible generous im- 
pulse. He gave freely; he gave “himseK with his gift;” and his reward was known of 
all, even before the record of it, in the gratitude and grief of innumerable friends, was 
signed and sealed by his death. To them he was not only great, but dear. 

Although greeted by a drizzling rain on the morning of Thursday, 
Sept. 5, and the prediction that snow was falling on the mountain, some 
150 of the delegates set out early to make the ascent of Pikes Peak by 
automobile. The first motor car reached the top of the Peak through a 
heavy snow fall in about four hours, and before the last car of the party 
had turned back there was five inches of snow on the ground. Lunch was 
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served at Glen Cove on the Pikes Peak Highway and, despite the obstacles 
of the trip, those courageous enough to take it were delighted with the 
novelty of the adventure. During the afternoon, those who had remained 
at headquarters and some of those returning from the Peak, visited the 
Golden Cycle mill on the outskirts of Colorado Springs. Here they 
observed the precipitation of gold on zinc and the cyanidation of low- 
grade ores on a vast scale. 

Thursday evening was perhaps the busiest single period of the week. 
Five meetings were held between 8 o^clock and midnight, all of the greatest 
interest. The first meeting featured a series of motion pictures showing 
mining and milling methods, welfare work, and the patriotic impulse in 
the daily routine of the Inspiration Consolidated Copper Co., at Inspira- 
tion, Arizona. Dr. L. D. Ricketts supplemented the title explanations 
of the movies with concise facts that made the exhibition almost as 
instructive as a visit. The pictures were models in the field of cinemato- 
graphy, even though made, in some instances, under handicaps. 

President Jennings, at 9 o'clock, presided at a meeting in memory 
of the 15 members of the Institute known to have made the supreme sacri- 
fice in the war. A service flag of the Institute, showing 845 in service, 
hung from the stage, and as Secretary Stoughton read the records of 
those who have died or been killed in the service of the Allies, their pic- 
tures were thrown upon the screen. Everyone attending at the Conven- 
tion joined in paying tribute at this service. (The biographical notices 
read by the Secretary will be printed in Vol. LXI.) 

During the remainder of the evening, three technical sessions were 
held simultaneously, the principal one being on Petroleum, presided over 
by R. D. George. The others were a continuation of the discussion of 
electrostatic precipitation, opened at Monday morning's meeting, and a 
session on coal-mining problems of today. 

Friday morning dawned auspiciously for the trip to Pueblo, and an 
elaborate program of entertainment for the ladies. The majestic hills 
forming a background for the hotel were bathed in sunlight and the air 
was mild and balmy. A special train on the Colorado & Southern Rail- 
road left the Springs at 9 o'clock, taking the party south over the plains 
to Pueblo and thence to Minnequa, where the works of the Colorado 
Fuel and Iron Co. are situated. 

After an hour's visit to the enormous byproduct coke ovens, installed 
in July, the members and guests were given luncheon in the company 
clubhouse situated on the edge of a small lake. The desire of most of 
the party to spend all their time in the works, which have established, 
with other steel works, such an important place in war-winning fields, 
shortened the lunch period, and automobiles were pressed into service 
in scores to return the delegation to the works. During the afternoon 
everyone was given an opportunity to inspect the Bessemer and open- 
hearth processes. Some 40 executives of the plant took groups of the 
en g i n eer s on a thorough tour of inspection.^ The maximum monthly 
record for these works in production of steel is 55,000 tons. Some 6000 


men are employed. , ^ i x • u x 

The return to Colorado Spnngs was made on the special tram about 
6 o'clock. The advantages of travel by special train, which was achieved 
so efficiently by the Colorado Committee, relate to more than mere* 
transportation. The opportunity for social intercourse affords a chance 
to form many new acquaintances, which are renewed year after year 
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among the profession, and are often cemented into warm friendships. 

During Friday, the ladies of the party were driven by automobile to 
Crystal Park, where a picnic -lunch was served, and at 4.30 o’clock Mrs. 
Spencer Penrose entertained them at a garden party at El Pomar. 

To banquet with a State Food Administrator as toastmaster niight 
seem a dull form of amusement, but the banquet on Friday night, in the 
dining room of the Broadmoor, which marked the close of the 117th 
meeting, was a lively finale for the week. Twenty-four songs, printed 
in booklet form and most of them of a patriotic character, kept the spirits 
of the party high. A quartet led the singing and their efforts were assisted 
by various amateur song writers among the diners. Not the least 
capable among these was one who immortalized the Thursday morning 
push to the top of the Peak by the following verse — sung to the tune of 
“There’s A Long, Long Trail” — 

There’s a long, long trail awinding 
Up to the top of Pikes Peak, 

T^^ere the sun is always shining 
And the clouds don't leak. 

There’s a long, long time of waiting 
Until the lunch box comes through. 

Till all the mining engineers 
Are sitting down to chew. 

Thomas B. Stearns made an inimitable toastmaster; he was in- 
troduced by A. E. Carlton. 

President Sidney J. Jennings, the first speaker, stated that the aim 
of the Institute now is to win the war, and completely defeat the Hun. 
Then he told of some of the work being done by members of the Institute 
in important posts, and closed with a warning to steel our hearts against 
the insidious propaganda of the German Government, which is sure to 
come, and perhaps very soon when they realize the tide has turned against 
them.^^ He thanked the Institute's hosts for the entertainment which he 
characterized as delightful in every respect. 

Captain Louis Benett, representative of Andr4 Tardieu, High Com- 
missioner of France to the United States, electrified the guests by 
telling them that the present need is not for transportation or food but 
^‘to pour as many tons of steel as you have on the heads of your enemy.” 
Tremendous applause greeted his statement that America is doubtless 
France's best friend.” 

P hil ip N. Moore then spoke of the importance of the mining engineer 
in every walk of life, and E. P. Mathewson pictured the work of women in 
Canadian mining centers. He said they do all kinds of work around 
smelters except heavy lifting, and that when women take their place in 
American mining it will be found that ‘‘they will do the job better than 
the men ever did.” 

C. W. Goodale, who first came to Colorado as a mining engineer in 
1876, stated the cardinal necessities to the proper administration of effi- 
cient mining, as regards the employee. 

Secretary Bradley Stoughton told the guests of the auspicious begin- 
ning of the Washington, D. C., Section of the Institute. He then urged 
the greater use of the library in the Engineering BuOding in New York, 
although stating that it is now doing work for more mining engineers and 
metallurgists than for any other of the great societies in the budding. 
He then explained the value of the Index which first appeared in the 
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September Bulletin; gave new honor to the Woman Auxiliary for its 
war work, especially the founding of a dispensary in France, and expressed 

j appreciation of the members and friends for the untiring 

and thorough efforts of the Colorado members in making the meeting 
higmy successful, none, he said, having exceeded it in varied features. 

Horace V. Winchell spoke on the Russian situation, and Dr. L. D. 
Ricketts closed the banquet, telling, in blank verse, the career of the min- 
ing engineer. 

Dancing followed the banquet and the ballroom was filled till a late 
hour, as it had been on each of the four evenings spent in the Springs. 

On Saturday, Sept. 7, several of the engineers went to the Leadville 
district to view the production of the many war minerals of that locality, 
but most of the party started for their homes on Saturday morning. 

Technical Sessions 

Session on Metallurgy 

The session on metallurgy was held on Monday morning. Sept. 2, 
1918, at the Brown Palace Hotel, Denver, Mr. T. B. Stearns presiding. 
The following papers were presented: 

Electrolytic Zinc. By C. A. Hansen. (Presented by author and discussed by 
Sidney J. Jennings and the author. Written discussion by J. L. McK. Yardley.) 

The Manufacture of Ferro-alloys in the Electric Furnace. By R. M. Keeney. 
(Presented by the author.) 

The Metallography of Tungsten. By Zay Jeffries. (Presented by title. Written 
discussion by Sir Robert A. Hadfield.) 

The Condensation of Zinc from Its Vapor. By C. H. Fulton. (Presented by 
title and discussed by E. E. Thum.) 

Electrostatic Precipitation. By O. H. Eschholz. (Presented by title. Written 
discussions by Harmon E. F. Fisher and G. B. Rosenblatt.) 

Oxygen and Sulfur in the Melting of Copper Cathodes. By S. Skowronski. 
(Presented by title.) 

The Relation of Sulfur to the Overpoling of Copper. By S. Skowronski. (Pre- 
sented by title. Written discussion by Philip L. Gill.) 

The Practice of Antimony Smelting in China. By C. Y. Wang. (Presented by 
title.) 

Session on Coal and Coke 

The session on coal and coke was held on Tuesday afternoon, Sept. 
3, Mr. A. E. Carlton presiding. The following papers were presented: 

The Byproduct Coke Oven and Its Products. By William Hutton Blauvelt. 
(Presented by title and discussed by Graham Bright, S. A. Moss, John I. Thompson.) 

The Use of Coal in Pulverized Form. By H. R. Collins. (Presented by the 
author and discussed by E. A. Holbrool^ Captain Walter Graham, Bradley Stoughton, 
Milnor Roberts, Erskine Ramsay, H. K Eavenson and the author.) 

Carbocoal. By C. T. Malcolmson. (Presented by the author. Written discus- 
sions by F. W. Sperr, Jr., N. W. Roberts, J. M. Fitzgerald, W. R. Cox, F. R. Wadleigh, 
Charles Catlett, C. M. Barnett.) 

Development of the Coke Industry in Colorado, Utah and New Mexico. By F. 
C. Miller. (Presented by the author.) ^ ^ , . , . . . „ ^ 

Price Fixing of Bituminous Coal by the U. S. Fuel Administration. By Cyrus 
Gamsey, R. V. Norris and J. H. Allport. (Presented by the Secretary.) 

Coal Mining in Washington. By F. A. Hill. (Presented by title. Written 
discussion by Milnor Roberts.) 

Session on Ore-dressing and Cyanidation 

The session on ore-dressing and cyanidation was held on Tuesday 
afternoon, Sept. 3, Mr. G. H, Clevenger presiding. The following papers 
were presented: 
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The Effect of Oxygen upon the Precipitation of Metals from Cyanide Solutions. 
By T. B. Crowe. (Presented by the author and discussed by J. V. N. Dorr, A. L. 
Blomfield; G. T. ELansen, G. M. Taylor, L. H. Dushak.) 

Roastmg for Amalgamating and C^aniding Cripple Creek Sulfotelluride Gold 
Ores. By A. L. Blomfield and M. J. Trott. (Presented by A. L. Blom field and 
discussed by J. V. N. Dorr and J. M. Tippett.) 

The Tailing Excavator at the Plant of the New Cornelia Copper Co., Ajo, Ariz. 
By Frank Moeller. (Presented by the author and discussed by E. P. Matthewson, 

C. A. Hansen and Frank Moeller.) 

The Elko Prince Mine and Mill. By J. V. N. Dorr and C. D. Dougan. 
(Presented by J. V. N. Dorr.) 

Crushing Resistance of Various Ores. By L. W. Lennox. (Presented by the 
author and discussed by R. B. T. Kiliani, C. A. Hansen, V. A. Stout, Rudolf Gahl 
and the author.) 

Handnsorting of Mill Feed. By R. S. Handy. (Presented by title. Written 
discussions by A. Stanley Hill, W. L. Ziegler, L. O. Howard, Clarence A. Wright, 

D. C. Bard, S. A. Easton, F. A. Thomson, W. H. Linney and the author.) 

The Automatic Separation of Solution from Solids in the Hydro-metallurgical 
Treatment of Ore Pulps. By Bernard MacDonald. (Presented by title.) 

Fine-grinding Cyanide Plant of Bames-King Development Co. By J. H. McCor- 
mick. (Presented by title.) 

Session on Economic Geology and Mining Practice 

The session on economic geology and mining practice was held on 
Wednesday evening, Sept. 4, Mr. H. Foster Bain presiding. The fol- 
lowing papers were presented: 

Radium. By R. B. Moore. (Presented by the author and illustrated by experi- 
ments. Discussed by Dr. W. A. Schlesinger, H. J. Seaman, S. A. Moss and the author.) 

Molybdenite Operations at Climax, Colorado. By D. F. Haley. (Presented by 
the author.) 

Engineering Problems Encountered During Recent Mine Fire at Utah- Apex Mine, 
Bingham Canyon, Utah. By V. S. Rood and J. A. Norden. (Presented by V. S. 
Rood and discussed by George S. Rice and V. S. Rood.) 

The Relation of Sulfides to Water Level in Mexico. By P. K. Lucke. (Pre- 
sented by title.) 

The Mechanics of Vein Formation. By Stephen Taber. (Presented by title.) 
Pyrite Deposits of Leadville, Colorado. By Howard S. Lee. (Presented by the 
author.) 

Fireproofing Mine Shafts of the Anaconda Copper Mining Co. By E. M. Norris. 
(Presented by title.) 

Air Blasts in the Kolar Gold Field, India. By E. S. Moore. (Presented by title.) 
Man Power. By J. Parke Channing. (Presented by title.) 

Session on Petroleum 

The session on petroleum was held on Thursday evening, Sept. 5, 
Mr. R. D. George presiding. The following papers were presented: 

Gaging and Storage of Oil in the Mid-Continent Field. By 0. U. Bradley. 
(Presented by the author.) 

An Interpretation of the So-called ParaflSn Dirt of the Gulf Coast Oil Fields. 
By A. D. Brokaw. (Presented by title. Written discussions by W. E. Wrather, 

E. G. Woodruff and Lee Hager.) 

The Theopr of the Volcanic Origin of Salt Domes. By E. L. DeGolyer. (Pre- 
sented by title. Written discussion by J. A. Udden and E. L. DeGolyer.) 

A Concrete Example of the Use of Well Logs. By Mo wry Bates. (Present^ by 
the author and discussed by C. A. Hammill, Dorsey Hager and the author.) 

Oil in Southern Tamaiilipas, Mexico. By Ezequiel Ordonez. (Presented by 
title. Written discussion by V. R. Garfias.) 

Geology of the Oil Fields of North Central Texas. By Dorsey Hager. (Presented 
by the author and discussed by C. A. Hammill, C. H. Beal, M. I. Goldman, J. S. I^ewis, 
A, C» Dennis and the author. Written discussion by W. E. Pratt.) 
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Staggering Locations for Oil Wells. By R. H. Johnson. (Presented by title and 
discussed by J. L. Lewis.) 

Losses of Crude Oil in Steel and Earthen Storage. By O. U. Bradley. (Pre- 
sented by the author.) 

The Possible Existence of Deep-seated Oil Deposits on the Gulf Coast. By A. F. 
Lucas. (Presented by title.) 

Lithology of the Berea Sand in Southern Ohio, and Its Effect on Production. By 
L. S. Panyity. (Presented by title.) 

THE JAMES DOUGLAS MEMORIAL SERVICE 

On Tuesday afternoon, Sept. 3, the Institute held a service in com- 
memoration of Dr, James Douglas, who died at New York on June 25, 
1918. President Sidney Jennings presided. 

President Jennings. — We are met here to show our appreciation 
of the life of a great man, and we shall gain strength to do our own daily 
tasks from the contemplation of a career strongly founded, continuously 
built up, having the star of hope as its guiding light. 

Dr. Douglas was an engineer, a scientist, a literateur with a charming 
sense of style, a benefactor with a singularly wide variety of interests, 
and a man who had acquired wisdom and understanding, which surpass 
very great riches. As the poet puts it, When some beloved voice that 
was to you both sound and sweetness faileth suddenly, and silence 
against which you dare not cry aches around you like some disease both 
strong and new, we poor mortals strive to fill that silence with words of 
sympathy and appreciation.” The very limitation of these words shows 
our need of the light and guidance which we can acquire from the con- 
templation of the life of Dr. Douglas. 

Other speakers will deal with various phases of the life of Dr. Douglas; 
I can speak from personal knowledge of only one of his many benefactions 
to the American Institute of Mining Engineers. 

In 1905, Mr. Andrew Carnegie gave to the four national engineering 
societies of America a sum of money sufficient to erect a large and 
beautiful building in which to house their activities. He wisely coupled 
with that gift a proviso that the societies should acquire the title to the 
ground upon which it was to be built. That entailed upon the slender 
resources of the American Institute of Mining Engineers a very heavy 
burden. Many attempts were made to lighten it and contributions were 
made, but still the burden was heavy, and when I was elected to the 
Board of Directors, it still weighed heavily upon us. 

Dr. Douglas, although he had twice filled the office of President of the 
Institute and had given much of his time and thought as a Director, came 
to the rescue and undertook to raise the large sum of money that was 
necessary to free the Institute from debt. In a comparatively short time, 
in 1914, largely through his own personal contributions and those of 
members of the firm with which he was associated, this burden was 
lifted, and the Board of Directors and members of the Institute were able 
to breathe once more the air of financial freedom. 

In addition to the numerous and large gifts that Dr. Douglas has 
made to the Institute, by the terms of his will the sum of $100,000 has 
been given it for the use of its library, and it is hoped that this sum, 
together with the yearly contributions made by the four national societies, 
wffi bring the library service to that degree of perfection which all those 
who are inter^ted in the library and its work aim to achieve. 
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I shall now ask Mr. E. P. Mathewson, a Canadian, to tell us of the 
early days of Dr. Douglas, who was also a Canadian. 

E. P. Mathewson. — In my early youth I knew of no name in science 
to compare with that of Dr. Douglas. He was associated many years 
with the late Dr. T. Sterry Hunt, and Dr. Hunt was the immediate cause 
of my coming to the United States from Canada and entering on my 
professional career in this country. 

Dr. Douglas was a man of most benevolent disposition, far-seeing 
in many ways, who, though possessed of much wealth, thought nothing 
of money; he had not the love of money at all. The only use he had for 
money was to do good to those who needed' it. 

Dr. Douglas was particularly thoughtful of his Canadian fellow 
countrymen and particularly of those who were engaged in scientific 
pursuits. The educational institutions of Canada were frequently 
benefited by his benevolence. McGill University was highly favored 
by Dr. Douglas, after he learned of the financial difficulties of that in- 
stitution. McGill, not being granted any aid from the state and relying 
upon private benevolence, had outstripped its income in giving what it 
could of educational advantages to Canadians, and it became necessary 
at one time to have a campaign for more funds. In this campaign Dr. 
Douglas responded nobly and was the means of getting the necessary 
funds to go on with the good work of that University. The University 
from which he graduated. Queens University, was also frequently aided 
by his benefactions. Altogether, the sums given by him during his life- 
time to Canadian institutions would be probably up in the millions, 
but he was so unobtrusive and so retiring in his disposition that he seldom 
allowed his name to be used in connection with these matters unless it 
was possible, by using his name, to influence others to similar benevolence. 
Anywhere in Canada, if you mention the name “Douglas,” you will 
find people who will say at once, “That was a great Canadian, a man we 
all reverenced. ” 

(Mr. Mathewson next read the biography of Dr. Douglas printed in 
the July 6, 1918, issue of the Engineering and Mining Journal. As a 
biography written by Dr. R. W. Raymond is in this volume and an 
“Appreciation,” by Dr. A. R. Ledoux, was published in our Bulletin 
No. 109, it is hardly necessary to reprint here the account read by 
Mr. Mathewson. — En.) 

Dr. Douglas had the broadmindedness to introduce the open door 
into metallurgy. Prior to his advent into the metallurgical field, the 
non-ferrous metallurgists in this country, in Canada, and practically 
all over the world, were absolutely oyster-like toward visitors. No 
one was admitted who did not have a letter of recommendation from one 
of the Board of Directors, at least. But Dr. Douglas, early in his career 
in this country, allowed every one to visit the plant and the mines with 
which he was connected. He welcomed them, and argued that he 
was getting as much benefit from the visitors as the visitors were getting 

from him.. , „ „ , , „ . 

The example of Dr. Douglas was followed by many metallurgists 
in this country, and today we may say that there is hardly a non-ferrous 
metallurgical establishment in the United States and Canada to which a 
person who is honestly seeking information cannot obtain access. Of 
course, during war times a few precautions are taken for fear that informa- 
tion might get to the enemy. This, of itself, is enough to make Dr. 
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Douglas called a great man, and to let his name go down to posterity as 
really the father of open-door metallurgy. 

President Jennings.— I will ask Mr. W. R. Ingalls, Editor of the 
Engineering and Mining J ournal, who was thrown in contact with many of 
Dr. Douglas's scientific activities in the United States, to tell us of his 
achievements as a scientist. 

W. R. Ingalls. — In the death of Dr. Douglas the Institute lost its 
greatest member, the mining industry lost one of its greatest exponents, 
and the world lost a philosopher. Fortunate are we all that his works 
and his inspiration live after him. The results of his material work will 
doubtless disappear in the course of time, just as did most of the construc- 
tion work of the Greeks and the Romans, but just as the teachings of their 
philosophers survive, so will those of Dr. Douglas, and his inspiration 
will be one of the world's greatest possessions forever. 

The appreciation of how great a man he was will be clearer and keener 
in the future than it is now. No matter how much we may think we 
understood him, reflection and meditation will surely reveal to us many 
things about him that not yet do we see. 

Dr. Douglas was a very successful man in material things, and it is 
one of the remarkable features of his career that this kind of success did 
not begin to accrue until he was nearly 50 years of age. It is even more 
marvelous to us in his profession that, although he attained a great age, 
his great accomplishments were achieved during about 33 years, and those 
the latter years of his life. 

He became a captain of industry, which in itself was a distinction 
for one who was inherently a philosopher, and he acquired great wealth 
for which he did not care and which he bestowed bounteously upon many 
worthy causes; but ambition for material power and a sordid interest 
in acquiring a great fortune were the furthest of anything from his 
thoughts. His mind and his fiber were different; his habits were simple; 
his mode of living was most modest. His thoughts were largely of his 
studies, and those studies were mainly concentrated upon the improve- 
ment of human welfare. 

I do not remember when I first became acquainted with Dr. Douglas. 
I knew of him, of course, from my introduction into professional studies. 
The beautiful metallurgical process devised by him in connection with the 
redoubtable Sterry Hunt was one of the things that we were given to 
ponder upon in the class-room. 

I think I first met Dr. Douglas about 20 years ago in connection with 
his very ingenious muffle roasting furnace, but my intimate association 
with him was during the last 12 years, when there existed the relations 
which naturally exist between an editor and his most valued con- 
tributor, and also the relations that exist between the fellow members of 
committees engaged in doing public work. 

It has not been until his death that I appreciated the demands that I 
made upon him and the generosity and the alacrity with which he 
invariably acceded to them. That is simply one of the revelations of 
the character of this remarkable man that come to us when he is no longer 
with us. 

Considering his multifarious engagements as the head of the great 
mining, railway, and other industrial enterprises, I am appalled to think 
that I could ask him, in the interest of the profession and of the public, 
to put his work aside and do the writing and the speaking that I and 
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I nV»g11 now ask Mr. E. P. Mathewson, a Canadian, to tell us of the 
early days of Dr. Douglas, who was also a Canadian. 

E. P. Mathewson. — In my early youth I knew of no name in science 
to compare with that of Dr. Douglas. He was associated many years 
with the late Dr. T. Sterry Hunt, and Dr. Hunt was the immediate cause 
of my coming to the United States from Canada and entering on my 
professional career in this country. 

Dr. Douglas was a man of most benevolent disposition, far-seeing 
in many ways, who, though possessed of much wealth, thought nothing 
of money; he had not the love of money at all. The only use he had for 
money was to do good to those who needed it. 

Dr. Douglas was particularly thoughtful of his Canadian fellow 
countrymen and particularly of those who were engaged in scientific 
pursuits. The educational institutions of Canada were frequently 
benefited by his benevolence. McGill University was highly favored 
by Dr. Douglas, after he learned of the financial difficulties of that in- 
stitution. McGill, not being granted any aid from the state and relying 
upon private benevolence, had outstripped its income in giving what it 
could of educational advantages to Canadians, and it became necessary 
at one time to have a campaign for more funds. In this campaign Dr. 
Douglas responded nobly and was the means of getting the necessary 
funds to go on with the good work of that University. The University 
from which he graduated, Queens University, was also frequently aided 
by his benefactions. Altogether, the sums given by him during his life- 
time to Canadian institutions would be probably up in the millions, 
but he was so unobtrusive and so retiring in his disposition that he seldom 
allowed his name to be used in connection with these matters unless it 
was possible, by using his name, to influence others to similar benevolence. 
Anywhere in Canada, if you mention the name “Douglas,” you will 
find people who will say at once, “That was a great Canadian, a man we 
all reverenced.” 

(Mr. Mathewson next read the biography of Dr. Douglas printed in 
the July 6, 1918, issue of the Engineering and Mining Journal. As a 
biography written by Dr. R. W. Raymond is in this volume and an 
“Appreciation,” by Dr. A. R. Ledoux, was published in our Bulletin 
No. 109, it is hardly necessary to reprint here the account read by 
Mr. Mathewson. — Ed.) 

Dr. Douglas had the broadmindedness to introduce the open door 
into metallurgy. Prior to his advent into the metallurgical field, the 
non-ferrous metallurgists in this country, in Canada, and pactically 
all over the world, were absolutely oyster-like toward visitors. No 
one was admitted who did not have a letter of recommendation from one 
of the Board of Directors, at least. But Dr. Douglas, early in his career 
in this country, allowed every one to visit the plant and the mines with 
which he was connected. He welcomed them, and argued that he 
was getting as much benefit from the visitors as the visitors were getting 
from him. 

The example of Dr. Douglas was followed by many metallurgists 
in this country, and today we may say that there is hardly a non-ferrous 
metallurgical establishment in the United States and Canada to which a 
person who is honestly seeking information cannot obtain access. Of 
course, during war times a few precautions are taken for fear that informa- 
tion might get to the enemy. This, of itself, is enough to make Dr. 
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Douglas called a great man, and to let his name go down to posterity as 
really the father of open-door metallurgy. 

President Jennings. — I will ask Mr. W. R. Ingalls, Editor of the 
Engineering and Mining J ournal, who was thrown in contact with many of 
Dr. Douglases scientific activities in the United States, to tell us of his 
achievements as a scientist. 

W. R. Ingalls. — In the death of Dr. Douglas the Institute lost its 
greatest member, the mining industry lost one of its greatest exponents, 
and the world lost a philosopher. Fortunate are we all that his works 
and his inspiration live after him. The results of his material work will 
doubtless disappear in the course of time, just as did most of the construc- 
tion work of the Greeks and the Romans, but just as the teachings of their 
philosophers survive, so will those of Dr. Douglas, and his inspiration 
will be one of the world’s greatest possessions forever. 

The appreciation of how great a man he was will be clearer and keener 
in the future than it is now. No matter how much we may think we 
understood him, reflection and meditation will surely reveal to us many 
things about him that not yet do we see. 

Dr. Douglas was a very successful man in material things, and it is 
one of the remarkable features of his career that this kind of success did 
not begin to accrue until he was nearly 50 years of age. It is even more 
marvelous to us in his profession that, although he attained a great age, 
his great accomplishments were achieved during about 33 years, and those 
the latter years of his life. 

He became a captain of industry, which in itself was a distinction 
for one who was inherently a philosopher, and he acquired great wealth 
for which he did not care and which he bestowed bounteously upon many 
worthy causes; but ambition for material power and a sordid interest 
in acquiring a great fortune were the furthest of anything from his 
thoughts. His mind and his fiber were different; his habits were simple; 
his mode of living was most modest. His thoughts were largely of his 
studies, and those studies were mainly concentrated upon the improve- 
ment of human welfare. 

I do not remember when I first became acquainted with Dr. Douglas. 
I knew of him, of course, from my introduction into professional studies. 
The beautiful metallurgical process devised by him in connection with the 
redoubtable Sterry Hunt was one of the things that we were given to 
ponder upon in the class-room. 

I think I first met Dr. Douglas about 20 years ago in connection with 
his very ingenious muffle roasting furnace, but my intimate association 
with him was during the last 12 years, when there existed the relations 
which naturally exist between an editor and his most valued con- 
tributor, and also the relations that exist between the fellow members of 
committees engaged in doing public work. j t t 

It has not been until his death that I appreciated the demands that I 
made upon him and the generosity and the alacrity with which he 
invariably acceded to them. That is simply one of the revelations of 
the character of this remarkable man that come to us when he is no longer 

with us. , 1 . j r xi. X 

Considering his multifarious engagements as the head y J'be ^®^t 
mining, railway, and other industrial enterprises, l am appalled to thmk 
that I could ask him, in the interest of the profession and of the public, 
to put his work aside and do the writing and the speaking that I and 
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Others wanted him to do. For the very reason that he wanted to aid his 
fellow men, he was so generous. Oftentimes he would suggest to me 
editorials that should be written and should be published. Many of the 
most important editorial expressions that we have made to the public 
during the last 12 years have been the anonymous contributions of Dr. 
Douglas, besides those to which he so liberally affixed his name. Often- 
times he would say to me that at the metallurgical works of the Copper 
Queen Company some important investigations were coming to a head, 
invest^ations whereof the profession should be fully informed, and that 
he would direct his metallurgical men to work up papers on those subjects 
for the benefit of the industries. 

Now, to my mind, the thing that above eversrthing else constitutes 
Dr. Douglas as one of our great men, a man greater than any of us yet 
appreciate, is just that interest of his in the promotion of human knowl- 
edge and the promotion of such knowledge as would better the welfare 
of the human race and enable men to work more advantageously. 

I t.hinlf perhaps his first declaration of the principle of the open door, 
of which Mr. Mathewson has spoken so fittingly, is to be found in his 
presidential address to this body in 1899, and may I read just a few words 
from that address, ‘ which give the essence of his ideas? 

The motives mfluenciag the great body of writers who, without any pay, use the 
technical journals and such media of communication as our Transactions, in order to 
give to the brethren of their craft the results of their dearly earned experience are 
various and complicated, but in the majority of cases the impulse originates in the 
d6sire for reciprocity and in the hope that others will tell what they know in return for 
what we ourselves communicate and that, therefore, we shall learn at least as much as 
we can teach. 

Dr. Douglas himself practised what he preached. There was never 
any secret about operations at the Copper Queen or at any of his enter- 
prises. To every visitor and applicant for information, the helping hand 
was extended. This spirit spread among other managers, and to that 
spirit more than anything else ought we attribute the high stage of 
efficiency to which our American mining and metallurgical industries 

have^come^^uid shield, we should find that 

in Great Britain these industries have been backward for just the opposite 
reason. A few years ago I asked a distinguished lead smelter of Great 
Britain to contribute a paper upon the lead smelting industry of his 
country. He replied that he could better contribute a paper upon the 
lead gmplf.ing industry of America, for, although he had been engaged in a 
prominent metallurgical center of Great Britain for 30 years in one of 
the leading smelting works, and although in the same place there were two 
other pmAlting works like his own, he had never, during the 30 years, 
been into either of them, nor had either of those managers been into his 
works; but since this great war has been in progress, our British friends 
have learned the lesson that Dr. Douglas first taught in this country. 
They are profiting by it, they are collaborating, they are throwing open 
their doors to one another for an exchange of information to such an 
extent that they are perhaps outdoing us, and will not unlikely compel 
us to look to our laurels. 


1 Trans. (1899), 29 , 648. 
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And so it is that the spirit of Dr. Douglas is spreading all over the 
world, not only through our own country and Canada, but also through 
Australia and Great Britain, as it will also spread through other parts 
u world, and it is for that reason that the time is going to come when 
the entire world will know him for the great philosopher and the great 
prophet that we already know hiiri to be. 

President Jennings. — I will now ask Mr. T. H. O^Brien, who has been 
delegated by the Phelps, Dodge Corporation, as one who was intimately 
acquainted with the activities of Dr. Douglas, to tell us of his work in 
Arizona and the Southwest, and in America generally. 

T. H. O^Brien. — The death of Dr. Douglas closed a long, honorable, 
and eventful career, filled with accomplishments that would have oc- 
cupied fully the lives of several men of less marked ability. Seldom 
has one man combined in the short span of human life such exceptional 
achievements. Little can be said regarding his knowledge and ability 
as an engineer and a scientist that has not already been published, 
and is known to the members of this Institute. His accomplishments 
were so varied and extensive that nothing short of the story of his life, 
written by a competent biographer, can do him justice. 

I am not here to give a detailed account of his business career, but 
rather as a friend and an employee who was associated with him for many 
years, to tell you something about his work in connection wdth the com- 
pany of which he was so long the executive head, and to pay him tribute. 

It was in 1880, attracted by some specimens of ore sent from a mine 
in Arizona, that he paid his first visit to that far off land of which the 
East then knew so little, which had only lately been made accessible by 
the construction of a trans-continental railway. It was then that he 
became associated in a business way with the great Southwest, and this 
provided the opportunity for his exceptional talents in the development 
of the mining and railroad possibilities of that part of our country and 
of Northern Mexico. He never lost the interest thus acquired, and 
became truly western in his views and preferences. 

The Copper Queen mining property at Bisbee had lately been opened, 
and this attracted him. He interested the late William E. Dodge and 
D. Willis James, who were at that time metal merchants of New 
York and partners in the firm of Phelps, Dodge & Co. They began 
systematic development work. After less than four years the ore began 
to fail and dark days set in for the enterprise. These reverses only 
stimulated him to greater effort, and he persisted in his belief that 
further development would culminate in permanent success. The world 
knows today how well founded were his perseverance and faith in what 
has now become one of the greatest copper properties in the world, and 
it is not too much to say that he alone was the moving cause of that suc- 
cess. It is significant, too, that this achievement came to him when he 
was nearly fifty years of age, at a time when most men have lost the 
eager faith and assurance of youth. But this determination was char- 
acteristic of the man so long as bodily strength was given to him to follow 
the direction of his ever versatile and orderly mind. 

Perhaps the fact that he entered the mining profession at this time 
in his life accounts for his having been able to avoid the small preju- 
dices prevalent in the early days of mining and smelting. His was a 
larger viewpoint, and everything was looked at and considered in a 
bigger, broader way. His ability to see ahead enabled him to make 
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piovision that insured the steady growth of his operations, and it was 
this gtft of broad .vision, combined with the conservative judgment 
of the original members of Phelps, Dodge & Co., that accounts for the 
steady growth of the enterprise. He was a dreamer of dreams; he saw 
possibilities where others saw none; but he lived to see his dreams come 
true. 

He and his associates extended their operations to a consolidation 
with the Atlanta Company, and later to the districts of Morenci and 
Globe, in Arizona, Nacozari in Mexico, and afterward to Tyrone in 
New Mexico. The satisfactory development of these mining and smelt- 
ing operations under Dr. Douglas' guiding hand soon led him to acquire 
for the company the coal mines and coking plant at Dawson, New 
Mexico. 

The growth of these numerous enterprises emphasized the urgent 
need for better transportation facilities. The ability of their founder was 
equal to the necessity, and Dr. Douglas now turned his attention to the 
construction of the El Paso & Southwestern Railway system, connecting 
the various mining and smelting plants with the newly acquired coal 
property. He thus became a builder of railroads and a master of trans- 
portation as successful as he had been in exploiting the mining industry 
of the Southwest. 

What the magnitude of these operations has meant to the Southwest, 
and especially now, during the great world war, can only be appreciated 
by those who know the extent of the aid they are giving to the country 
and its allies in providing raw materials so necessary to the successful 
carrying on of the war. Truly it may be said that this man did not lay 
down his cares until he had fully done his part toward winning the great 
war for permanent peace and equal rights for humanity. 

During the development of the different Phelps-Dodge mines, mills, 
and smelters, there was no man in America, or perhaps in the world, 
who did more than Dr. Douglas to break down the secrecy as to methods 
that was prevalent years ago in the great industrial enterprises. He be- 
lieved in frank, reciprocal relations between competitors in business, 
and in the greater efficiency that would grow from this policy. Those in 
charge of his industrial plants were instructed to give every facility to 
those who earnestly sought to learn. His views on this subject were 
fully justified, and it became a matter of common knowledge in the busi- 
ness world that his enterprises occupied a unique and enviable position 
among like institutions. We can offiy conjecture what great influence 
this sound policy had in the economic development of the country and 
the world. 

His sympathetic, kindly and democratic nature toward all classes of 
his employees, and toward those with whom he came in contact, endeared 
him to each and every one, and to them he was a close personal friend 
who always had their interests at heart. He was lovingly called ^‘The 
Professor" by the older prospectors and miners, and was a familiar figure 
in all southwestern mining camps in the early days. 

His philanthropies were many, broad, and effective. In this he 
avoided publicity, and it will never be known to what extent he aided 
his fellow man. Individuals alone were not his only charity, but he also 
went to the assistance of many educational institutions and scientific 
bodies. He ever stood ready to give counsel, and many a rough place 
he made smooth for a younger or less fortunate fellow. 
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He was perhaps the most conversant man on a wide number of sub- 
jects that one could ever hope to meet — equally at ease with any subject, 
unusually well informed on all. 

He was always ready to recognize and reward merit, and cared noth- 
ing for mere place or position. He was splendidly thoughtful of those 
who worked with him in his great enterprises, from the highest to the 
lowest, for their comfort and well being, and no one enjoyed greater 
loyalty and respect from his associates and employees. 

It has seldom been given to one man to see the well ordered success 
of his life work so completely realized, leaving it, as he did, with the 
knowledge that he had earned and received the genuine love and respect 
of all who knew him. 

To us who worked with him, his life is now a splendid memory which 
we will carry with us as an inspiration to the end of our days. 
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PROCEEDINGS OF THE ONE HUNDRED EIGHTEENTH MEET- 
ING OF THE INSTITUTE, MILWAUKEE, WIS. 

The 118th meeting of the Institute was held at the Milwaukee 
Auditorium, on Tuesday, Oct. 8, to Thursday, Oct. 10, inclusive, 1918, 
under the joint auspices of the Committee on Iron and Steel (Chairman, 
Prof. J. W. Richards), and the Institute of Metals Division (Chairman, 
William M. Corse), and simultaneously with sessions of the American 
Foundrymen’s Association and of the American Malleable Castings 
Association. It was preeminently a war meeting. It was attended 
by 104 meinbers of the Institute. 

The social features, so far as the members of this Institute were 
concerned, were slight, but generous and appropriate entertainment 
was offered to the ladies, consisting of automobile sight-seeing trips, 
reception, concert and dance on Tuesday evening, a theatre party Wednes- 
day evening, and a banquet in the Auditorium Thursday evening, at 
which the speakers were Charles M. Schwab, Director General of the 
United States Shipping Board Emergency Fleet Corporation, Major 
A. Radclyffe Dugmore, and W. H. Blood, Jr., Assistant to the President 
of the American International Shipbuilding Corporation. 

The opening session was a joint meeting with the American Foundry- 
men’s Association and the American Malleable Castings Association, and 
was presided over by Benjamin D. Fuller, President of the American 
Foundrymen’s Association. At this time Hon. Emanuel L. Phillipp, 
Governor of Wisconsin, welcomed the visitors to the city. He said: 
You will find the people of Milwaukee and of this commonwealth hospitable 
and above all in complete sympathy with you for the splendid work you 
are doing, and although, as you pass through the great shops of the city 
some one may answer you in a foreign tongue, we are all Americans. 

The uppermost thought in the minds of the American people, wherever 
they may assemble, is the winning of the great world war. Without that 
success, there might be no further reason why we should meet: someone 
else might tell us what we should do. But we have progressed far enough 
in that struggle to begin to see the end and it is our kind of an end that 
we are seeing. In the name of humanity, let us hope that that end will 
come soon; but in the meantime let us stand firmly together, let us keep 
the wheels turning until the last gun is fired. 

Insomuch as there is every reason for believing that the war cannot 
last very much longer, it is time that we began to think of what is going 
to happen and what we are going to do when the war is over. I take a 
rather optimistic view of that time. I appreciate that some economic 
changes will come to us, but I do not believe that the business of the 
country is going to be immediately stagnated or that in the immediate 
future, at least, there is going to be anything like a paralysis of industries. 
There is so much in waiting that must be done. One of the first demands 
will be the improvement of our transportation facilities. The great 
railroads of the country are wearing out, because it is impossible to secure 
the labor or the material to keep them in proper repair; but we must do 
more than merely repair them. The demand is going to come for cheaper 
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transportation. We are urging the young men to go upon the farms. 
That is right and proper. Agriculture presents the very best field for 
the young man returning from military service. However, the farmers of 
this western country are going to demand better prices than they received 
before the war. One of the things that can be done to help them get 
better prices is to furnish transportation at a minimum cost. That 
will necessitate the purchase of millions of tons of steel. Not only must 
the tracks be rebuilt and the grades cut down, but the equipment of the 
railroads must be renewed and the balance of the road rebuilt to meet 
the demands of a really first-class modern railroad. Public building is 
being delayed until we can better spare the labor and the material than 
we can now. So, as I look over the needs of the country, I cannot see 
why there should be any business depression for many years after the 
war. I do not mean to say that war prices can be maintained; perhaps 
they ought not to be. Gradually we must get back to the level that nor- 
mal times can support. However, the prospect for the future is not so 
gloomy. Europe is going to furnish a market for our agricultural products 
for some time and will demand our manufactured material. Besides, we 
are creating a merchant marine, which will open to us the commerce of 
the world. 

You have assembled here for purposes of your own and, as the Gov- 
ernor of Wisconsin, I am glad you came to us. You brought to us your 
thoughts and new ideas in manufacture, in the particular line in which 
you are engaged, and we may be able to give you some information which 
will be for the mutual good. Happen what will now, let us stand to- 
gether as one great cooperative organization, keep the wheels going, 
and, as the boys sing, ^^Keep the Home Fires Burning.^' 

Secretaky Backert introduced the following communication from 
a former president of the Association: 


Major R. A. Bull.— If I occupied with the American Expeditionary Forces a 
position of exposure to dangers and hardships, or if I performed a relatively important 
function in the military organization in France, I would hesitate to voice my senti- 
ments, which in either case might be mistaken for self-praise. 

Many things must be done by the non-combatant branches of the American amy 
in France, back of the battle lines, in what is called the Service of Supplies. Those 
who are doing this work make no pretensions to performing the tasks of heroes, and 
feel the more keenly their great obligations to their comrades at the front, because 
of their own assignments in the rear. Many of them have seen, as I have, what a 
wreck of the yet living body can be made by the enemy s bullek shell, bomb gas; 
have witnessed the fortitude of wounded men under intense suffermg ; haveobse^ed 
the morale of our soldiers detained for treatment in the rear, keenly anxious to return 
to the trenches to settle the score with Fritz. Seeing all of this, and reahzmg how 
effectively he is hitting the Boche line, my respect for the Yankee fightmg man, 
whatever may be his rank, is supreme. Many of the youths whoi man the guns, 
who carry the cold steel over the top, who bridge the streams under the enemy s 
fire who minister to the wounded where they fall, are your own kmsmen. How 
nroudlv you must bear yourselves in the knowledge that those of your own flesh 
and blood are bearing this burden ! And if perchance those whom you love must 
make the supreme sacrifice, how glorious a heritage their dauntless courage will leave 

^t'is always comforting to know that our own are in good han^. You have been 
informed through many channels that the American soldier m IVance is weU cared 
for I want to add my endorsement. The medical corps is zealous m its care for 
the sick and wounded, and in sanitary work. The strictest attention is given to 
drinking water. Troops quartered in barracks are housed with special reprd for 
ventilation and cleanliness. In the camps in France where I pve bep stationed 
there are excellent bath houses, better than those at the camp m the states where 
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I was formerly on duty. The quartermaster corps is rendering very efficient service 
in procuring and distributing clothing and other supplies. In most localities, and 
where conditions permit, the army messes have the most wholesome food, in liberal 

r ntities, well prepared. There is no lack of sugar, wheat flour or meat in the 
erican Expeditionary Force, mainly due, as we realize, to the cheerful self-denial 
of the folks back home. Just as rapicUy as our troops arrive do their supplies seem to 
precede them. 

The American Red Cross is surpassing all its magnificent traditions. It is found 
everywhere in France, seeking to serve, leaving with those who have felt its influence, 
grateful recollections that will never fade. Its chief function of caring for those 
selected by fate as the victims of the enemy's instruments of torture and suffering 
is being performed with the greatest skill and dispatch, in superb defiance of danger 
to those who minister. The inspiring devotion of its hard-working, consecrated men 
and women will constitute one of the most glorious memories of this conffict. Linked 
as its activities are with every patriotic home in America, its appeal to the sentiment 
of the Yankee in France makes it his ideal of devoted service that never fails. 

The needs of the '*Arm4e Am4ricaine" have been thoughtfully considered apart 
from purely physical comforts. At the convalescent and rest camps every available 
means is supplied for cheerful, wholesome entertainment and recreation, with splendid 
effect on the spirit of the men. By long odds the greatest single factor in maintaining, 
day in and day out, the morale of the American soldier is the Y. M. C. A. There is 
the atmosphere of a democratic club, the resort of the finest type of man that has been 
created — ^the Yankee buck private. 

Tribute has been paid to the splendid work of our allies countless times. After 
four of the most trying years through which any nation could pass, the French maintain 
their poise and their vigor to a degree that is amazing. Unstinted praise is demanded 
by such an inspiring demonstration. The British soldier is entitled to our admiration 
without bounds. He has been a complete failure — as his own press-agent. As a 
tenacious, courageous bull-dog who quietly fights on until he or his adversary is done 
for, he merits our highest esteem. John Bull's allies are under an enormous obligation 
to these reticent chaps who went quickly from the British Isles and Colonies to the 
rescue of Belgium and France, and who, without any fuss, have been doggedly seeing 
the thing through. Do not forget the debt of America to the British navy. And re- 
member that the British empire has to date furnished about miluons of her 
very best men to save democracy. 

I can appropriately testify to the earnest appreciation of the men in the American 
Expeditionary Force for the splendid work being done by the industrial army in the 
states. We realize that millions of men and women and many children must labor 
in America that the vast numbers of her sons in Europe may have the means to finish 
their task quickly. And we regard those who are unceasingly rendering this service 
at home and who are best qualified for it, as equal in devotion to duty with those 
who wear the overseas cap. You realize that every moment of time or ounce of 
energy wasted in the United States increases the casualty lists of our army. Those 
who are going through HeU for you and me are confidently looking toward America 
for that supreme manifestation of speed and efficiency of which her people are capable. 
Being near to but not of these heroes, without credentials from them but voluntarily 
speaking for them as an individual, I salute you as brother-patriots, whose sole purpose 
now is the preservation of liberty for our own and future generations. 

The following resolution pledging to the Government the united 
resources of the iron and steel industry was then unanimously passed; 

RESOLVED, by the American Found^men's Association, the Institute of Metals 
Division of the American Institute of Mining Engineers, the Iron and Steel Action 
of the American Institute of Mining Engineers, the American Malleable Castings 
Association and the foundry equipment manufacturers of the United States in joint 
meeting assembled, that eve^ resource of these allied metal trades is again pledged 
to the Government not only in the production of materials for the conduct of the war, 
but for the accelerated manufacture of these materials to enable the Government 
to greatly intensify its pros^ution of the war and to bring about a speedy and crushing 
defeat of the enemy that will lead to his abject and unconditional surrender. 

The activities of the army ordnance department, especially as 
applied to foundry matters, were told by C. S. Koch, of the Cannon 
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Section of the Production Division, Ordnance Department, Washington. 
Cooperation between the railroad administration and the metal-working 
industries was then urged in an address of this title by E. D. Brigham, 
manager iron ore, coal and grain traffic. United States Railroad Admin- 
istration, Duluth. The modern methods of transferring skill, illus- 
trated by military films, were shown by Major Frank B. Gilbreth, 
Providence, R. I. 

On Wednesday morning, the Institute of Metals Division conducted 
a symposium on the conservation of tin, while the iron and steel section 
covered the programs of both the iron and steel and the coal and coke 
sessions. 

On Wednesday afternoon and Thursday morning the Institute of 
Metals Division conducted the sessions previously announced for these 
occasions, dealing mainly with the metallurgy of copper, zinc, brass, 
bronze, and amalgams. 

The plants opened to inspection by visitors to Milwaukee included 
some very large industrial concerns, such as the Allis-Chalmers Manufac- 
turing Co., the Bucyrus Co., the Wisconsin Gun Co., the Worthington 
Pump and Machinery Corporation, and many important iron and steel 
foundries, as well as the pulverized-coal boiler plant of the Milwaukee 
Railroad and Electric Power Company. 

INSTITUTE OF METALS DIVISION 

The first meeting of the Institute of Metals Division was held at the 
close of the joint session, with Chairman W. M. Corse presiding. In 
his address, Chairman Corse said: 

The most important event of our year is the affiliation of our In- 
stitute with the American Institute of Mining Engineers. It gives us 
the opportunity of meeting twice a year and of associating, in at least one 
of these meetings, with men representing the produce of the metals that 
we all use. The opportunity to study the raw material end of our 
business has not been afforded at our meetings heretofore and should 
prove of great value to our members. The affiliation with the American 
Institute of Mining Engineers gives a permanent headquarters in New 
York city, the use of the large engineering library in the Engineering 
Societies’ Building, and a permanent secretarial and editorial staff. We, 
on the other hand, must do our part in making the meetings of our divi- 
sion a success, both by writing papers and by participating in the discus- 
sions. Our meetings are generally considered to be excellent from a 
discussion standpoint. Let us maintain this feature in our divisional 
meetings and interest in them men who are informed on subjects related 
in any way to the non-ferrous metal industry. 

In these war times, it is particularly necessary to prepare for the re- 
construction period to follow by perfecting our manufacturing processes 
and studying the most efficient methods of transacting our particular 
business. Any society whose aim is educational has a duty to perform 
in this respect, and as we represent the non-ferrous alloy and metal 
industries, it is incumbent on us to see that we are informed of the best 
and latest practice and furnish the medium for its wide dissemination. 
The need for maximum production is so great at the present time that 
it is difficult to find time to do research work, but it seems to be very 
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necessary that we set aside some money and time in order that we may 
be ready to produce at the lowest cost and in the most efficient manner, 
when the times become normal. Our efforts in this direction, through 
our cooperative work with the Bureau of Standards, have been halted 
during the war, but it is our intention to continue this cooperative work 
as soon as practicable. 

Our Institute has been the means through which much help has been 
rendered to the Government and our present affiliation puts us in a 
position to be of maximum help in this respect. Many of our members 
have rendered splendid service in technical capacities to the United 
States, for which we are very glad. 

It gives me pleasure to see the generous manner in which our men 
have responded to any calls made on their time and experience. Let 
us resolve to make our Institute of Metals Division more of a power in 
the metal world and to carry on our meetings in such a way that the Ameri- 
can Institute of Mining Engineers will feel that they have acquired an 
energetic and useful member in their household. I want to thank the 
members for the cooperation they have given me during the year and 
for the splendid response to our new plan of organization. May the 
Institute of Metals Division of the American Institute of Mining Engi- 
neers be a worthy member of the metallurgical family of which we are 
now a part. 

Secretary F. L. Wolf reported that: 

The Institute, on July 1, 1918, had an active membership of 337 and 
an associate membership of 49, making a total of 386. In the active 
membership are included the corporation members, each corporation 
having three members. 

Beginning July 1, 1918, the American Institute of Metals became 
the Institute of Metals Division of the American Institute of Mining 
Engineers. The advantages of this union were explained in the letter 
sent to the members on April 18. We retain our identity, elect our own 
officers as heretofore, hold our meetings as before, at the same time and 
place as that held by the American Foundrymen’s Association and, in 
addition, a meeting in February, which is held at New York with the 
American Institute of Mining Engineers. By this affiliation, we secure 
all the advantages that are offered by one of the largest and best known 
scientific societies. A glance at our program will show that an excellent 
program has been provided by the Papers Committee of which Dr. Paul 
D. Merica is chairman. 

The receipts and disbursements for the period of July 1, 1917 to Oct. 
5, 1918 are as follows: 


Receipts 


Cash on hand July 1, 1917 $ 740.04 

Dues 3610.50 

Volumes 783.96 

Emblems 21.00 

Interest 2.00 

Befund from Rumford Press 19.25 

Rental of Electros to Metal Industry 5.00 

AF. A 250.00 

Miscellaneous .37 


15432.12 
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Disbursements 

Printing including Postage 

Postage 

Salaries 

OflSce Supplies 

Refunds 

Bond 

Insurance 

Convention 

Miscellaneous 

Exchange 

Cash on hand Oct. 5, 1918 


$3202.98 
114.15 
1025.00 
19.91 
50.25 ~ 
2.50 
37.62 
236.10 
25.49 
7.85 
710.27 


$5432.12 


As officers for the ensuing year, the nominating committee, consisting 
of Gwilliam H. Clamer, chairman, J. L. Jones, and Alfred Frank, recom- 
mended the following, for whom the Secretary was instructed to cast 
the ballot: Chairman^ W. M. Corse, Ohio Brass Co., Mansfield, 0.; 
secretary-treasurer^ F. L. Wolf, Ohio Brass Co., Mansfield, O.; vice-chair- 
meUj who will also form the executive committee, Wm. B. Price, Scovill 
Mfg. Co., Waterbury, Conn. ; George K. Burgess, Ph. D., Bureau of Stand- 
ards, Washington, D. C.; Harold J. Roast, James Robertson Co., Ltd., 
Montreal, Can.; C. H. Bierbaum, Lumen Bearing Co., Buffalo, N. Y.; 
W. A. Cowan, National Lead Co., Brooklyn, N. Y.; Sir Robert A. Had- 
field, 22 Carlton House Terrace, London, Eng. ; W. K. Frank, Damascus 
Bronze Co., Pittsburgh, Pa.; C. H. Mathewson, Ph. D., Sheffield Scien- 
tific School, New Haven, Conn.; Zay Jeffries, Ph. D., Aluminum Castings 
Co., Cleveland, 0.; W. H. Bassett, American Brass Co., Waterbury, Conn. 


TECHNICAL SESSIONS 

Institute of Metals Division 

One session of the Institute of Metals Division was held on Tuesday 
morning, October 8, Mr. W. M. Corse presiding. The following papers 
were presented: 

The Metallography of Tungsten. By Zay Jeffries. (Presented by the author; 
discussed by Sir Robert Hadfield, J. C. W. Humfrey, P. D. Merica, and the author.) 

Notes on Babbitt and Babbitted Bearings. By Jesse L. Jones. (Presented by 
the. author; discussed by G. H, Clamer and the author.) 


The second session was held on Wednesday morning, October 9, 
Mr. W. M. Corse presiding. The following papers were presented: 

Constitution of the Tin Bronzes. By S. L. Hoyt. (Presented by P. D. Merica; 
discussed by C. H. Bierbaum.) 

Oxygen and Sulfur in the Melting of Copper Cathodes. By S. Skowronski. 

Relation of Sulfur to the Overpoling of Copper. By S. Skowronski. 

(Both papers were presented by W. H. Bassett, and discussed by F. Johnson 
(written), G. H. Clamer.) 

Pure Carbon-free Manganese and Manganese Copper. By Arthur Braid. (Pre- 
sented by the author; discussed by W. H. Bassett, G. H. Clamer.) 



XXTOi 


PEOCEEDINGS OF THE MILWAUKEE MEETING 


The third session, a symposium on the conservation of tin, was held 
on Wednesday morning, October 9, immediately following the session 
scheduled above, and was continued on Wednesday afternoon. Mr. 
G. C. Stone was in the chair. The following papers were presented: 

Babbitts and Solder. By G. W. Thompson. (Presented by W. A. Cowan.) 

Bronze Bearing Metals. By G. H. Clamer. (Presented by the author.) 

Pennsylvania Railroad Anti-friction and Bell Metals. By F. M. Waring. (Pre- 
sented by W. M. Corse.) 

Solder, Its Use and Abuse. By M. L. lissberger. (Presented by the author.) 

The lin-plate Industry. By D. M. Buck. (Presented by the Chairman; dis- 
cussed by G. H. Clamer, J. W. Richards.) 

The Aluminum Bronze Industry. By W. M. Corse. (Presented by the author.) 

Bronzes. Bearing Metals, and Solders. By G. K. Burgess and R. W. Woodward. 
(Presented oy P. D. Merica; discussed by G. H. Clamer, R. T. Roberts.) 

Cadmium Resources of the United States. By C. L. Siebenthal. (Presented 
by P. D. Merica; discussed by M. L. lissberger, C. W. Hill, F. F. Colcord.) 


The fourth session was held on Wednesday afternoon, beginning 
at the close of the symposium on tin. Mr. W. M. Corse presided. The 
following papers were presented. 

The Volatility of the Constituents of Brass. By John Johnston. (Presented 
by the author; discussed by J. W. Richards.) 

The Effect of Impurities on the Hardness of Cast Zinc or Spelter. By G. C. Stone. 
(Presented by the author.) 

Dental Amalgams. By A. W. Gray. (Presented by the author, and illustrated 
by lantern sUdes.) 


The fifth session was held on Thursday morning, October 10, Mr. 
G. C. Stone presiding. The following papers were presented: 

Electrolytic Zinc. By C. A. Hansen. (Presented by title. Written discussions 
by J. L. McK. Yardley and the author.) 

The Condensation of Zinc from its Vapor. By C. H. Fulton. (Presented by 
C. C. Nitchie; discussed by E. E. Thum.) 

The Action of Reducing Gases on Copper. By N. B. Pilling. (Presented by the 
author.) 

Notes on Non-metallic Inclusions in Bronzes and Brasses. By G. F. Comstock. 
(Presented by title.) 

Fusible Plug Manufacture. By G. K. Burgess and L. J. Gurevich. (Presented 
by title.) 

Application of the Spectroscope to the’Chemical Determination of Lead in Copper. 
By C. W. Hill and G. P. Luckey. (Presented by C. W. Hill.) 

Radium. By R. B. Moore. (Presented by title. Written discussion by W. A. 
Schlesinger.) 


Iron and Steel Section 

The session of the Iron and Steel Section was held on Wednesday 
morning, October 9, Dr. J. W. Richards presiding. The following 
papers were presented: 

The Engineering Work of the National Research Council. By H. M. Howe. 
(Presented by John Johnston.) 

The limonite Deposits of Mayaguez, Mesa, Porto Rico. By C. R. Fettke and 
Bela Hubbard. (Presented by title.) 

The Manufacture of Ferro-alloys in the Electric Furnace. By R. M. Keeney. 
(Presented by title. Written discussion by E. S. Bardwell, H. W. Gillett.) 

The Manufacture of Silica Brick. By H. LeChatelier and B. Bogitch. (Presented 
by title.) 
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Notes on Certain Iron-ore Resources of the World, N. Y. Section Meeting of 
May 23, 1918. (I^esented by title. 'Discussed by J. W. Richards.) 

Recent Geologic Development on the Mesabi Iron Range, Minn. Discussion 
by Anson A. Bette and J. F. Wolff. (Presented by title.) 

The Byproduct Coke Oven and its Products. By W. H. Blauvelt. (Presented 
by title.) 

The Use of Coal in Pulverized Form. By H. R. Collins. (Presented by the 
author; discussed by A. V. Adamson, J. W. Richards, H. H. Stoek, R. F. Harrington, 
T. A. Marsh, and the author.) 

Carbocoal. By C. T. Malcolmson. (Presented by N. W. Roberts.) 

Low-temperature Distillation of Illinois and Indiana Coals. By G. W. Traer. 
(Presented by the author.) 

Method of Fixing Prices of Bituminous Coal Adopted by the U. S. Fuel Admin- 
istration. By Cyrus Garnsey, Jr., R. V. Norris, and J. H. Allport. (Presented by 
title. Written discussion by E. McAuliffe.) 
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Practice of Antimony Smelting in China 

BY CHUNG YU WANG, E. M., A. M., HANKOW, CHINA 
(Colorado Meeting, September, 1918) 


I. Introduction 

China now leads the world in antimony production, having contrib- 
uted during recent years something over 60 per cent, of the world^s pro- 
duction. The history of the antimony industry of China dates back to 
1897 when the Tai Shing Co. was formed, under contract with the Hunan 
Bureau of Mines, for the smelting of the ore to crude; and in 1908 the 
Wah Chang Mining & Smelting Co. was formed for the smelting and refining 
of the ore and crude to regulus. The writer was then asked to take 
charge of the erection and control of this first plant for regulus production 
in China and has, since then, been more or less connected with the anti- 
mony industry in this country. This paper contains the results of many 
years’ experience in connection with the Wah Chang Mining & Smelting 
Co., Changsha; the Pao Tai Mining & Smelting Co., Wuchow; the Loong 
Kee Smelting Works and the To-Cheng Smelting Works, Hankow; as 
well as information gathered from various other small smelters, scattered 
in different parts of the Provinces of Hunan, Hupeh, Kwangsi, and 
Kwangtung. 

An idea of the growing importance of regulus production in this coun- 
try can be gleaned from the fact that, within a period of about 8 years, 
the export of regulus from Hunan alone jumped’ from 3 tons in 1908 to 
about 6000 tons in 1915; that a production of about 23,000 tons of regulus 
per year could easily be effected from all the smelters, as tabulated below, 
most of which were erected a year or two ago under the stimulus of the 
war booms, if the price at Hankow were to stay somewhere about $900 
(Mexican) per ton, half of what it was at its height, thus enabling the 
utilization of ores from the hinterlands of the provinces; and even under 
the present ruling of prices and the closing of the less favored smelters, 
the production of regulus should not be less than 12,000 tons per year. 

3 
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PRAOTICE OF antimony SMELTING IN CHINA 


The distribution of the number of smelters according to provinces is 
shown in Table 1 : 


Table 1. — Distribution of Chinese Antimony Smelters 


Provinces 

Number of 
Smelters 

Approximate 
Tons of Regulus 
per Day 

General Remarks 

Hunan 

1 

10 

36 

The Wah Chang Co. has a ca- 
pacity of 20 tons per day. 

Hupeh 

4 

i 

18 

The Loong Kee smelting 
works is the largest. 

Kwangtung 

4 

6 


Kwangsi . ! 

2 

4 

The Pao Tai Co. is the largest. 

Total 

20 

64 



IL Furnaces and Smelting Appliances 

A. Shaft furnaces and condensing chambers for the volatilization 
process j to roast the low-grade ore or the liquation residue, generally 
containing 15 to 30 per cent. Sb, and to condense the volatile trioxide. 



J-Y 

Fig. 1, — Shaft furnaces and condensing chambers, Herrenschmidt t^pe. 

Fig. 1 shows the Herrenschmidt type used by the Wah Chang Co. 
For a full description, refer to the author’s book on Antimony. 

Fig. 2 shows the first Herrenschmidt type put up at Changsha, 1908. 
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Fig. 3 is a plan and section of the To-Cheng smelter, designed by the 
writer. A, gas producer. B, C, reduction furnaces, for reducing the 
trioxide. B, E, shaft furnaces, for roasting the low-grade ore or the 
liquation residue. F, G, condensing chambers. 

Fig. 4 shows the water condensation compartments at the end of the 
condensation chambers, F and G, Fig. 3. a, suction fans. 6, basin for 
collecting the wetted trioxide, c, iron pipe for the escape of the sul- 
furous fume, still holding particles of trioxide, d, wooden compart- 
ments, arrow showing the direction of flow of the sulfurous fume, e, 
wooden top of the chambers, on which is a constant flow of water, trick- 



Fig. 2 . — Herrenschmidt furnaces at Changsha, 1908 . 


ling down into the chambers below, through a series of holes in the top. 
/, coke, g, wooden chimney. 

Fig. 5 shows the shaft furnaces and condensation chambers of the 
Loong Kee Smelting Works. 

B. Long -bedded reverberatory furnaces for dead-roasting the crude or 
rich ore to the stable tetroxide. 

Fig. 6 shows a general type of furnace adopted by many smelters for 
this kind of work. 

C. Reduction furnaces, for the reducing of the trioxide or tetroxide, 
or for the direct smelting of crude or rich ore, to regulus. 



6 


PRACTICE OF ANTIMONY SMELTING IN CHINA 


Fig. 7 shows a type of reduction furnace used by most of the small 
smelters. This furnace has a cast-iron bottom. 

Fig. 8 shows a furnace similar to Fig. 7, except that the cast-iron 
bottom is on wheels, thus facilitating its occasional removal for relining; 
and that the hot air, from the passage above the roof, can be directed to 
the inclined grate, producing a partial gas-firing. This type was put up 
in the To-Cheng Smelter. 



D. Miscellaneous, — Fig. 9 shows the general arrangement in the 
Loong Kee smelter. Note the elaborate system of flues for condensing. 

III. Methods of Smelting 

A, Treatment of Poor Ore, from 20 to 35 Per Cent, Sb , — The process 
of volatilizing roasting is always adopted to roast these products to 
the volatile trioxide in shaft furnaces, as shown in Figs. 1, 3, and 5, the 



CHUNG YU WANG 


7 


trioxide being condensed in different forms of condensation chambers, as 
alrfeady shown. 


The Wah Chang Mining & Smelting Co, 

(a) Volatilizing Roasting in a Shaft Furnace , — The charge consists of a 
mixture of 100 lb. (45.3 kg.) of ore, ranging from a peanut to a fist in size, 
and 15 per cent, charcoal. There are approximately two charges per hour 



per furnace, depending upon furnace conditions, that is, the interval 
between charges must be lengthened if it is found that there is fritting 
of the ores inside the furnace, which must be loosened before another 
charge is put in. If the charge is composed of hquation residue, the 
charcoal required for mixing amounts to 20 per cent, for coarse and 24 
per cent, for fine. The time interval between charges is about 35 min. 
for charges of 50 lb. (22.7 kg.) of peanut to fine grain in size; thus the 
total charge per furnace per 24 hr. amounts to 2240 lb. (1016 kg.). But 
when the size of the residue ranges from chestnut to fist size, the charges, 
with the same interval of about 35 min., are then composed of 80 to 90 
lb. (36.2 to 40.8 kg.) of residue and 20 to 22 per cent, charcoal, thus mak- 
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ing a total charge of about 3600 lb. (1633 kg.) per furnace per 24 hr. 
The scoria discharged is generally found to^'contain about 3.5 per cent. 
Sb for ore and about 4.5 per cent, for residue. The average recovery 
per shaft furnace per 24 hr. from ore of about 25 per cent. Sb, with a total 
charge of 4480 lb. (2030 kg.), is shown in Table 2: 


Table 2 

Sb203 

From condensation chambers 1,000 lb. (453.0 kg.) 

From the water-basin (on an average 20 per 

cent, of the chambers) 200 lb. (90.6 kg.) 

From the main flue, 420 ft. (128.8 m.) long 
(on an average 2 per cent, of the cham- 
bers and basins) 24 lb. ( 10. 9 kg.) 


. Total. 1,224 1b. (554 5 kg.) 

Theoretically the trioxide should contain 83.3 per cent. Sb, but as it 
is always contaminated with sulfur and other impurities, it contains 
generally 80.5 per cent. Sb. 


Hence the percentage loss in antimony is : 

(0.25 X 4480) - (1224 X 0.805) 


100 X 


(0.25X4480) 


= about 12 per cent. 


Each furnace requires two workmen per shift of 12 hours. 

(b) Reduction of the Trioxide to Regulus , — The reduction furnace 
can smelt two charges per 24 hr. of the following composition: 


SbaOs 3, 000 lb. (1,359 kg.) 

Charcoal 600 lb. ( 282 kg.) 

Soda 150 lb. (70 5 kg.) 


These are thoroughly mixed before being charged into the furnace. 
The yield of regulus per 24 hr. from 6000 lb. (2718 kg.) of trioxide is 
from 4100 to 4300 lb. (1858 to 1950 kg.), which is about 70' per cent., 
exclusive of recoveries from furnace bottoms, flue dust and slag skimming, 
all of which may amount to at least 5 per cent, of the regulus produced 
or 3.5 per cent, on the trioxide. Hence the percentage of extraction is 
73.5 per cent.; ^.c., the loss amounts to 7 per cent., taking the trioxide 
as containing 80.5 per cent. Sb. Summing up, we have a loss of about 
19 per cent, of antimony from ore to regulus. The consumption of 
coal is 0.55 ton per ton of regulus, and the average life of the hearth 
bottom is 12 weeks. However, a well constructed bottom may last from 
4 to 5 months. Two workmen are required per furnace per shift of 
12 hours. 
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The Loong Kee Smelting Works 

(a) Volatilization Process , — The shaft furnace, as shown in Fig. 5, 
has a capacity of about 3000 lb. (1360 kg.) of liquation residue per 24 hr. 
with a consumption of 20 per cent, burnt coal, recovered from the reduc- 
tion furnace, or 15 per cent. coke. The general practice is to sieve off the 
fines, to be treated separately from the lumps. Besides the usual con- 
densation chambers at the back of each shaft furnace, there is a main 
fine of 4517 ft. (1375 m.) in length, to which all the ends of the condensa- 
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Fig. 5. — Shaft fuknace and condensation chambers, Loong Kee Smelting 

Works. 


tion chambers are joined, leading finally to a series of gunny bags having 
a total length of 483.75 ft. (147.3 m.). The total wall area of the main 
flue, which is built of brick, is 104,395 sq. ft. (9702 sq. m.) and that of the 
bags is 2012 sq. ft. (188 sq. m.). The relative proportion of the amount of 
trioxide collected from the different parts of the whole system of conden- 
sation is as follows: Condensation chambers : Main flue : Bags = 1.65 : 
1 : 0.09. As the furnaces treat many grades of liquation residue and 
ore — the scoria of the residue could be profitably re-treated only when 
regulus was quoted in New York at $0.45 (U. S. ) per pound— it is almost 
impossible to estimate the percentage extraction without having re- 
sorted to an elaborate system of sampling and analysis of the charges. 
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As this has never been done, the following summary of a month’s work 
is given: 

Pound 

Liquation residue charged, including scoria resulting there- 


from and poor ore 404,482 

Trioxide obtained 64,033 

Trioxide smelted 61,250 

Trioxide used for couverture (which is equivalent to 1568 lb. 

of regulus) 2,450 

Trioxide loss 333 

Regulus produced 39,052 . 5 

Percentage extraction from oxide to regulus, 63.76 per cent. 

Slag skimmings from the reduction furnace 5,728 

Regulus from re-smelting of the skimmings 849 

Regulus from smelting the flue dust, generally 8 per cent, of the 

total regulus produced 3,210 . 4 

Trioxide from the water basin 1 , 064 

Regulus resulting from the water-basin trioxide 228 . 5 


The total regulus amounts to 44,908.4 lb. (20,370.3 kg.). Hence it 
may be safely assumed that 9 tons of liquation residue are equivalent 
to 1 ton of regulus. Assuming that the average percentage of antimony 
in the charges be 17 per cent., the percentage loss from liquation residue 
to regulus would then be about 30 per cent., which, from my experience, 
is a close approximation. 

Three workmen are required to run two furnaces per 12-hr. shift. 
(b) Reduction of the Trioxide , — The reduction furnaces take five 

charges during 24 hr., each charge having the following composition: 

» 

Trioxide 250.01b. (113.3 kg.) 

Charcoal 37.51b. (16.8 kg.) 

Soda 5 01b. (2.6 kg.)' 

This mixture is divided into two portions, each being covered with 
4 lb. (1.8 kg.) of soda after charging. Hence the total amount of soda 
required for 250 lb. (113.3 kg.) of trioxide, is 13 Ib. (5.9 kg.). Sometimes 
the charge is not divided up; and, in that case, the charge should contain 
13 lb. of soda, instead of 5 lb., and should be covered with 30 lb. 
(13.6 kg.) of skimmings from the previous charge, which has been 
mixed with 4 per cent, charcoal and 3 per cent. soda. However, often- 
times the skimmings from *the furnaces are smelted separately with 
the same proportionate amount of soda and charcoal. The amount of 
coal required to smelt 1 ton of trioxide is about 1 ton. One workman 
is required per furnace per 12-hr. shift. * 

B, Treatment of Crude and Rich Ore. — Formerly, that is before 
the present war, most of the crude was exported, but since then, under 
the stimulus of war conditions, many small plants have sprung up in 
Hunan to smelt the crude into regulus. 
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Wah Chang Mining & Smelting Co, 

The crude is first ground into powder in a Chilean mill and is then 
fed into a double-deck roasting furnace, which can dead-roast 2500 lb. 
(1133 kg.) of crude to the stable tetroxide in 24 hr. with two workmen. 
In order to increase the output, a long-bedded reverberatory furnace 
was installed, which can dead-roast 2000 lb. (906 kg.) of crude per 24 
hr. with a consumption of 700 lb. (317 kg.) of coal. Two workmen are 
required per furnace per shift of 12 hr. The tetroxide resulting there- 
from is mixed with 6 per cent, soda and 20 per cent, charcoal and is 
charged into the reduction furnace in the same way as in smelting the 
trioxide. It is claimed that a recovery of 63 to 65 per cent, is possible. 



The Pao Tai Mining & Smelting Co. 

The reverberatory furnace, shown in Fig. 6, can dead-roast 1975 
lb. (895 kg.) of crude per 24 hr., with a consumption of 755 lb. (342 kg.) 
of coal. Two men are required per furnace per shift of 12 hr. The 
roasted crude, i.e., the tetroxide, after having been mixed with 15 per cent, 
charcoal and 5 per cent, soda, is then charged into the reduction furnace 
shown in Fig. 7, which requires about 1300 lb. (589 kg.) of firewood 
as fuel and two men to work it, per 24 hr. Each charge contains 300 
lb. (136 kg.) of tetroxide and requires 6 to 7 hr. for its smelting. On 
account of the poor quality of crude used, the average yield from crude 
to regulus is 57.68 per cent., including recovery from flue-dust and skim- 
ming. The treatment of rich ore is exactly the same as that of crude, 
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except that proportionately more soda and less charcoal are required for 
mixing and that the fuel consumed per ton treated is correspondingly 
higher, as more heat is required for the fluxing of the siliceous and 
argillaceous gangue. 




The Loong Kee Smelling Works 

This is the only works in China at which crude has been smelted direct 
to regulus. Each furnace, shown in Fig. 8, can smelt three charges of 
200 lb. (90.6 kg.) crude each, per 24 hr. with two workmen. Each charge 
contains the following ingredients: 200 lb. (90.6 kg.) of crude, mixed 
with 20 lb. (9.1 kg.) of charcoal, charged first into the furnace, then on 
top of the charge is spread 100 lb. (45.3 kg.) of soda, and on top of this 
88 lb. (39.8 kg.) of iron scrap, preferably sheet scrap, such as waste 
tinned sheet. The regulus thus obtained has to be re-smelted with a 
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little crude to take up any iron which may be present, sometimes as 
much as. 9 per cent. 

Any grade of ore can be smelted directly in this way, but only with 
proportionate increase of soda and decrease of tin scrap as poorer ores 
are smelted; but there must come a limit when it is prohibitive to treat 
any poorer ore this way on account of the amount of soda required and 



Fig. 8. — Small reduction furnace with removable bottom. 


of the fuel consumed. An exceptional instance was found in this works 
in the direct smelting of the rich liquation residue, containing at most 
from 25 to 30 per cent. Sb, when regulus soared up to $0.45 (U. S.) per 
pound in 1915. In this case the charge was as follows: 


Liquation residue 250 lb. (113.3 kg.) 

Good soft coal 22 lb. (10.0 kg.) 

Sheet-iron scrap 201b. (9.1kg.) 

Iron sulfide (a byproduct from the previous charges) . . 10 lb. (4.5 kg. ) 

Soda 601b. (27.2 kg.) 
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The time required to smelt this charge is about 9.5 hr., with a pro- 
duction of 46 lb. (20.8 kg.) of regulus. j 

C. Treatment of Natural Oxide , — The natural oxide of antimony 
is found mostly at one locality in Sin Hua District, Hunan, but smaller 
quantities are also found in Kwangsi Province. Its supply has been 
gradually decreasing so that, as a source of antimony ore, it is losing its 
importance and only a very limited quantity is now smelted by the 
small smelters at Changsha. The percentage content of antimony in 



the hand-sorted ore, that can be treated with profit, is from 30 to 50 
per cent. Its treatment in the Loong Kee Smelting Works is as follows, 
the charge having the following composition : 

Natural oxide . .... .100 1b. (45 3 kg.) 

Soda . 10 lb. (4 5 kg.) 

Charcoal . 13 lb. (5 9 kg.) 

Of course, the amount of soda and charcoal required is increased and 
decreased respectively in proportion to the decreasing antimony content 
of the ore treated, and vice versa. The coal consumption is generally 
high, being approximately 5 tons to 1 ton of regulus produced for the 
particular grade of ore, with a percentage extraction of 33 per cent. 
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In some cases when a small amount of the sulfide is so intimately 
intercalated with the oxide ore as to render their separation by hand 
impossible, the following proportions for the charge are adopted: 


Natural oxide . . 

Soft coal 

Iron sulfide. . 
Soda. . 


100 Ih. (45.3 kg.) 
91b. (4.1kg.) 
51b. (2.3 kg.) 
301b. (13.6 kg.) 


D. Discussion of the Use of Couverture . — As everyone knows, the 
market always demands good stars with fern-like structure on the 
slab of regulus before its acceptance. The appearance of such structure 
does not actually indicate the relative purity of the regulus, but is only 
the result of cooling it under the cover of a properly prepared starring 
mixture — in the absence of a proper English term, I shall call it by its 
French equivalent couverture — whose fusion point is lower than that 
of antimony, which is 630° C. Of course, when the regulus contains 
impurities like sulfur, arsenic, lead or iron to any appreciable quantity, 
its surface shows it by specks, by a leaden appearance or by an ill-defined 
appearance of the fern-like structure. On the other hand, I have seen 
many a slab of regulus, with impurities above what are considered to be 
the limits imposed by buyers, whose stars are still bright and well-defined 
with all the appearance of well refined regulus. Now since the buyer 
demands such unnecessary adornment on the regulus, he has to pay for 
it; for the costs for starring 1 ton of regulus amount to from $10 to $60 
(Mexican), according to the market price of the antimony compound 
used. I have worked and tried out the different mixtures for preparing 
the couverture shown in Table 3, which have been adopted, the one or the 
other, according to local conditions, by various antimony smelters in 
China: 


Table 3. — Couverture Mixtures 


Ingredients 

Smelters using the 
mixtures 

— 

I 

II 

III 

IV 

V 

— 

VI 

VII 

VIII 

IX ;x XI 

I 

XII XIII 

XIV 


Pao Tai 

Pao Tai 

To-cheng 

Loong Kee 

Tai Wo 

Pao Tai 

Wah Chang 

Wah Chang 



1 

3aoo7 | 

i 

"3 

H 

0 

es 

Oh 

Pao Tai 

Crude (high-grade)... 

SbzSa 

15 

15,* 2.2 4H 

7 

3 to 4 





... 


6 

r 

Antimony tetroxide 
( well-roasted crude) 

Sb204 

24 

24 

13.2 


18 


30 







14 

Antimony trioxide. . . 

SbzOa 

10 

11 

... 

20 

32 


85 

4 to 5 8 

40 

7 

16* 


Potash 

K 2 CO 3 

7.5 



. ... 


1 to 2H , 1 





Soda ash 

NajCOs 

1 

3 

5.7i 

5 

4 

2 to 4 

5 to 6 

15 



4 

1 1 1 

1 

yi 

Charcoal 

C 


H 

nj 

1 

1 







H 


* Pure flue dust. 
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The proper procedure for- charging any of the above mixtures is as 
follows: The compound, after being thoroughly mixed, is immediately 
charged into the reduction furnace as soon as the skimming is finished. 
The doors are closed and vigorous firing is maintained; as soon as it 
is observed that the mixture is completely melted, ladling commences. 
Each ladle dips into the molten metal and, in coming out, picks up a 
certain quantity of the molten couverture, which, when poured out to- 
gether with the metal into a hot mold, completely covers the metal on all 
sides. Ladling must be done rapidly for each moldful— four or five ladles 
to one slab of regulus according to the size of the ladle used. The thick- 
ness of the solidified couverture varies from 1 to 2 mm. on all sides except 
the top, which varies from 5 to 7 mm. The amount of couverture re- 
quired for each charge varies from one-sixth to one-fourth the weight 
of the regulus produced. It is remarkable that generally the weight- of 
the solidified couverture hammered off from the slab after cooling is less 
than the original weight of the mixture put in by about one-third, due 
indubitably in part to volatilization and in part to wall-fluxing during 
melting. The couyerture can be used over again the second or third 
time, sometimes with an addition of a httle soda, until it is so contami- 
nated with impurities that it cannot produce any good stars. Then the 
wornout couverture is mixed with the ordinary charge of trioxide or 
tetroxide and is calculated as an equivalent amount of soda required 
for that charge. In connection with this, the practice at the Loong Kee 
and the Pao Tai smelters may be mentioned: The Loong Kee smelter 
uses for every 14 tons of regulus produced 1.14 tons of couverture which, 
according to No. XII of Table 3, contains 1 ton of trioxide and 0.14 ton 
of soda. The Pao Tai smelter uses 1 ton of couverture No. XIV for 14.5 
tons of regulus. 

E. General Discussion on Smelting . — Practically all of the shaft 
furnaces mentioned for the volatilization process are of the same type, 
except with minor differences in details as to the form of the grate- 
bottom and as to size. The ideal ore for treatment in such furnaces is 
one containing antimony from 15 to 25 per cent. ; ore above 40 per cent. 
Sb would partly volatilize and partly liquate, and part of the liquated 
product would combine with the volatilized trioxide to form an oxysul- 
fide compound, commonly known as antimony glass, which causes 
fritting at the lower zone of the furnace. Even with ore from 30 to 
35 per cent. Sb, some fritting would occur, necessitating the mainte- 
nance of the furnace at a higher temperature than necessary for poorer 
ores. Hence the paradox: the richer the ore, the higher the percentage 
of coke required for the charge. It is possible to volatilize an ore of 
about 20 per cent, with 4 to 6 per cent, charcoal, the temperature being 
thus kept at low red-heat. On the other hand, with liquation residue, 
which ranges from 15 to 25 per cent., the problem is different. Here 
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we have a material that loosens up at a very low red-heat, thus partially 
blocking up the furnace and preventing the free passage of the air upward. 
To remedy this, some works use a forced draft, while others use an excess 
of coke, amounting to 30 to 50 per cent, of the charge, thus increasing 
the porosity of the charge. One can frequently tell when the furnace 
is blockaded or when the suction fan is choked with the trioxide, espe- 
cially if water is introduced into it, by observing the appearance of a 
reddish tint in the issuing trioxide fume, which would be otherwise white 
with the furnace working under normal conditions. A plausible expla- 
nation for the appearance of this reddish tint in the otherwise white 
trioxide is found in the formation of the compounds Sb2S20, Sb203*2Sb2S3, 
Sb203*2Sb2S3-4H20 or Sb2S3-2H20. Some sulfide particles, from want 
of free oxygen, might be volatilized as such at temperatures above 550° C., 
and, taking up the moisture still in the ore, would form a hydrated sul- 
fide, which is red in color. Another fact, which seems to substantiate 
such an explanation, is that whenever a new furnace, or one which has 
been standing idle for some time, is started, the trioxide fume is frequently 
colored red at the commencement and continues so until the furnace is 
well under way. The explanation here is that there must be present 
a certain amount of moisture in the furnace, and it is this moisture that 
is taken up by the volatilized sulfide to form the above-mentioned red 
hydrated sulfide. 

As to the different forms of condensation chambers, not enough data 
are available to enable one to decide definitely which is best. It is 
obvious that the elaborate flue and bag systems of the Loong Kee Smelt- 
ing Works should recover more of the volatile trioxide than others with- 
out such equipment. 

One must have been struck by the comparative smallness of the 
reverberatory furnaces adopted for the reduction and smelting of the 
oxide or crude. Some of the reasons that can be enumerated for such 
practice are: 

1. Facility in the ladling of the metal together with the couverture. 

2. Comparatively small output of the smelters. 

3. Cheapness of installation and of repairing. 

4. The production of better stars on the slab of regulus. 

Undoubtedly for such small types of furnace the fuel consumption 
is high; but it is still questionable whether, in view of the above reasons, 
one is justified in installing reduction furnaces larger than those of the 
Wah Chang Works, already described. 

Regarding fluxes for smelting the trioxide, tetroxide, or crude, the 
best flux from standpoint of higher percentage of extraction, lower con- 
gmiip-|}ion of coal and of cheapness, is soda ash. That this is so is indicated 
in Table 4, and has been borne out in my personal experience: 

VOL. LX. 2. 
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Table 4. — Fluxes for Antimony Smelting 


Flux 

Formula 

Mole- 

cular 

Weight 

Ratio of Equiv- 
alent Fluxing 
Power 

Melting 
Temp., 
Deg. C* 

Price per Ton 
at Hankow, 
Pre-war 

Actual Price of 
Eqnhralent 
Amount 

Soda ash 

jNaaCOs 

106 

1.00 1 

920 

$84 

$84 

Common salt. . . 

INajCU 

117 

0.91 ^ 

960 

140 

154 

Potash 

K 2 CO, 

138 

0.77 

1,150 

117 

152 

Glauber’s salt. . 

Na2S04 

+IOH 2 O 

322 

0.33 

1,280 

45 

135 


* Taken from Physico-Chemical Tables, by J. Castell-Evans. 


At one timCj toward the end of 1915, when soda was so scarce as to' 
command a price of about $450 per ton, several trials were made of some 
cheaper fluxes, such as common salt, potash, and Glauber^s salt, but 
invariably the results obtained were unsatisfactory. Among the many 
experiments tried, Table 5 illustrates the proportionate amount of the 
different fluxes used to smelt the trioxide : 


Table 5. — Amounts of Flux Required 


1 

1 

2 

3 

4 

Antimony trioxide . . . . : 

250.0 

250.0 

250.0 . 

250.0 

Soda 


6.5 



Common salt 

8.0 

3.0 



Potash 

9.5 j 

3.0 

19.0 


Glauber’s salt. . 

i 

6.0 


37.5 

Charcoal 

37.5 

37.5 

37.5 

37.5 


Using charges made up of the sulfide and the oxide, either trioxide 
or tetroxide, according to the compositions given by Herrenschmidt, 
Pelatan or Basse, ^ I have repeatedly obtained very poor results. We 
should not be surprised that this is so if we remember that chemically 
the sulfide and the oxide of antimony do not decompose each other, 
but combine to form what is known as antimony glass, which is irreducible 
by means of charcoal. 


IV. Cost of Smelting 

I shall give two detailed cost sheets, one before the war and one during 
the war, to show the liifference in the cost of smelting as affected by the 
price of materials. 


'C, y. lOTjs 120 and 121. London, Griffin, 1909. 
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A. The Poo Tai Mining & Smelting Co, (1911). — ^Cost of materials 
and labor: 


General labor per shift of 12 hr . . . $0 . 233 

Furnace men per shift of 12 hr. 0.25 

Coal per ton ... 11.20 

Firewood per 100 lb. . 0.30 

Charcoal per 100 lb. .1.00 

Soda per 100 lb 4.00 


Table 6. — Cost of Smelting Per Ton of Regulus 


j From 

I Crude 

1 

1 P'rom Hokong 

1 Ore of about 34 
j Per Cent. Ext. 

Crushing crude or ore 


$2 52 

1 

$4 68 

Crushing the oxide . 


0.39 

0 52 

General labor. . 

. 

0 31 

0 14 

Labor for roasting furnace . . . 


5.87 

4.23 

Coal for roasting furnace . . . 

j 

11.45 

10.05 

Labor for reduction furnace . . 


1.83 

3 42 

Firewood for reduction furnace . 


13.47 

26.69 

Coal for reduction furnace 


0.60 

1.30 

Labor for mixing charges. 

1 

0.36 

0.54 

Coal in charges . . . 


2.26 

3.24 

Soda in charges . . 

; 

7.85 

17 86 

Other miscellaneous labor 

s 


0.20 

Couverture 


6 53 

10 05 



$53.44 

$82 92 * 

Add: Cleaning and boxing . 

$5.95! 



Iron ware . . 

1.64 



Repair to furnaces 

1 80| 

9 39 

9.39 



$62 83 

$92 31 


B. The Loong Kee Smelting Works (1915). — Cost of materials and 
labor: 


Coal per pound .... ... $0 . 0046 

Charcoal per pound . 0.017 

Soda per pound .0.03 

Coke per pound 0 . 007 

Tinned scrap iron per pound 0 . 013 

Antimony trioxide per pound . . ..0.25 

Labor per shift of 12 hr 0.40 
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Table 7. — Cost of Smelling Per Ton of Regulus 




Liquation 
Residue by 
Volatiliza- 
tion Procras 

— 

Direct 
Smelting 
of Crude 

Natural 
Oxide 
about 33 
Per Cent. 

' Ext. 

Natural 
Oxide 
about 14 
Per Cent. 
Ext. 

Direct 
Smelting of 
Rich Sul- 
fide Ore 
40 Per Cent 
Ext. 

Volatflization process: 






Power plant 

$17.70 





Furnace men 

15.00 





Labor for spalling and mixing 






charges 

7.06 





Miscellaneous labor for carrying 



*• 



charges and discharging oxide 

2 81 





Coke 

31.25 





Reduction furnace: 






Soda, charcoal, etc., for charge 

17.00 

$80.00 

$43.00 

$139.20 

$100.00 

Coal for reduction furnace 

: 21.00 

25.00 

54.00 

200.00 

45.00 

Furnace men 

2.60 

6.60 , 

8.00 

15.00 j 

6.00 

Other miscellaneous labor 

0.15 

0.20 

0.50 

1.50 

0.40 

Crushing oxide 



9.00 

21.00 


Boxes, labor for cleaning regulus 

t 





and for mixing charges for re- i 






duction furnace $8 60 






Couverture 60 00 

68 60 

68.60 

68.60 

68.60 

68.60 


$183.17 1 

$180.40 

$183.10 

$445.30 

$220.00 


V. Some Suggestions for Future Improvement 

Due to the lack of capital, and of mutual coordination and cooperation 
among the smelters and the short-sighted policy of the directors of the 
different companies, there has not been any marked progress in the metal- 
lurgy of antimony in China. Obviously an important line of future prog- 
ress should be in the direction of eliminating the heavy losses due to volatili- 
zation of the metal during the successive steps of treatment. To be con- 
servative, let us assume the total loss to be 20 per cent. ; then for an annual 
production of, say, 20,000 tons of regulus, the loss would amount to 4000 
tons of regulus, which, at the present market price at Hankow of $300 
per ton, would give an appalling dead loss of $1,200,000 to the whole 
industry. I do not believe that we can totally eliminate this loss, but 
I do believe that, with the adoption of some such proposals as outlined 
below, the loss could be kept down to 10 per cent., or possibly less, thus 
effecting an annual saving of at least $600,000, which would more than 
pay back the capital outlay for such alterations and additions to the 
existing plants. 
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My proposals are: 

A. Adoption of a mechanical roaster, such as the Herreshoff or the 
Wedge type, for roasting the crude or the rich ore. 

B. Adoption of a special type of reverberatory furnace for the liqua- 
tion process. 

C. Adoption of gas-firing for the reduction furnace. 

D. Adoption of the Cottrell electrical precipitation process. ^ 

E. Investigation of the possibilities of electric smelting of the oxide 
or ore. 

F. Investigation of the possibilities of the recovery of the suKur 
from the fume by means of the thiogen process, as suggested by Prof. 
Young. 
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First Year of Leaching by the New Cornelia Copper Co. 
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Introduction 

The location, mode of occurrence of ore, and preliminary tests leading 
to the development of the present leaching process and the building of 
the present plant on the property of the New Cornelia Copper Co. at Ajo, 
have been described in previous papers presented to the Institute and 
in the discussions thereof.^ It is sufficient to say that these tests began 
early in July, 1912, and were continued to the close of January, 1916; 
that small tests at Douglas were followed by the construction of a 1-ton 
plant at the mine; and this was followed by the operation of a 40-ton 
plant for 11 mo. In all about 15,000 T. of ore were treated experiment- 


* Metallurgist, New Cornelia Copper Co. 
t Superintendent of Leaching Plant, New Cornelia Copper Co. 

Stuart Croasdale: Leaching Experiments on the Ajo ores. Trans. (1914) 49 , 610. 
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L. D. Ricketts: Some Problems in Copper Leaching. Trans. (1915) 62, 737. 
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ally during the period mentioned, and those intimately connected with the 
work came to the conclusion that the process finally developed was right 
in principle. Accordingly a 5000-ton plant has been constructed and 
in operation 1 year at the writing of this article. It is proposed here to 
describe the result of this yearns work, the difficulties that have been 
encountered, and the steps taken to overcome them, and to give an 
opportunity for those interested to compare the results of the experi- 
ments that have been described with the actual operation of a large plant. 

The plant was completed on May 1, 1917. The first charge of ore 
was finished on May 17, and by June 1 the great bulk of solutions in 
circulation had become sufficiently saturated with copper to permit the 
operation of the electrolytic plant. On June 18, the first car of cathodes 
was shipped east to be melted and cast into the finished shapes. 

The process adopted was as follows: 

1. Mining by steam shovels; the maximum size to be controlled by 
the size of a fragment that will pass the shovel dipper. 

2. Transportation of the ores in cars that will stand up to the rough 
service and discharge freely any fragments that passed through the dip- 
per of the steam shovel. 

3. The delivery of the ore, without any storage other than cars, directly 
into a crusher that will receive any fragment discharged by the car. 

4. Crushing of steam-shovel size to as near 3^ in. as practicable. 

5. Leaching the crushed ore 8 days by a counter-current system and 
upward circulation, using sulfuric acid and such ferric sulfate as is in- 
herent in the process. 

6. Reduction by sulfur-dioxide gas of the ferric iron remaining in the 
neutral solutions from the leaching tanks. 

7. The electrolytic deposition of part of the copper from this reduced 
solution, which is then returned to the leaching solution. 

8. The continuous discharge of such portion of the neutral solution as 
is necessary to prevent accumulation of sulfates, other than copper, to the 
saturation point. 

9. The recovery of the copper content of such discarded solution as 
cement copper precipitated on iron. 

10. The treatment of a part of this cement copper with solution from 
the electrolytic tank house to the end that the copper be returned to the 
circulation and a part of ferric sulfate be reduced. 

Crushing 

The ore is mined by steam shovels and is loaded and delivered to the 
crushing plant in side dump cars. The crushing plant is divided into two 
departments, coarse and fine, which are separated by a 10,000-ton 
storage bin. The coarse-crushing department consists of a No. 24 
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Table 1 . — Summary of Results. May 1, 1917 to May 1, 1918 

Total tons of dry ore charged to leaching plant 1,345,000 

Total number of tanks charged 269 

Total copper contents, per cent 1.631 

Soluble copper contents, per cent 1 . 677 

Insoluble copper, probably present as sulfide, per cent 0 . 054 

Average proportion of ore on 4-mesh screen, per cent 41.9 

Average proportion of ore through 20-mesh screen, per cent .... 19.1 


Total number of tanks excavated 259 

Average moisture in tailings, per cent 11-1 

Total copper in tailings, per cent 0.338 

Copper in laboratory washed tailings, per cent 0 . 264 

Water-soluble copper in tailings, per cent 0.084 

Average pounds of water-soluble copper per ton of tailings 1-6 


Average number of days leached 9.7 

Average gallons per minute advance through ore 1069 

Circulation in tank, gallons per minute 4500 

Average specific gravity of neutral advance 1 . 344 

Average free sulfuric acid going on oldest ore, per cent 2.85 

Average sulfuric acid in solution coming off newest ore, per cent . . 0.5 


Average gallons advance per minute through towers 1006 

Total iron in neutral advance to towers, per cent 2.36 

Ferric iron in neutral advance to towers, per cent 1.06 

Ferric iron in neutral advance from towers, per cent 0.46 

Number of roasters in service 3 

Average tons of ore roasted per day 68.5 

Average sulfur contents of ore, per cent 42.7 

Average sulfur contents of calcines, per cent 7.1 

Average sulfur dioxide in gas towers, per cent 8.1 

Average sulfur dioxide in gas from towers, per cent 1.9 

Average pounds of sulfur consumed per poimd of ferric iron 
reduced 0.57 


Average gallons per minute through tank house 1005 

Average copper content of solution entering tank house, per cent . 3.01 

Average copper content of solution leaving tank house, per cent . . 2.53 

Average copper content removed from solution through tank 

house, per cent 0.48 

Average ferric iron contents of solution entering tank house, per 

cent 0.45 

Average ferric iron contents of solution leaving tank house, per 

cent 0.99 

Per cent, of theoretical oxidation 65.6 

Average current density, amperes per square foot 6.6 
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Average voltage between anode and cathode 2.00 

Average weight of cathode shipped, pounds 127 

Number of tanks on cathodes 120 

Number of tanks on starting sheets 23 

Number of starting sheets made 266,463 

Per cent, of starting sheets scrapped 11.4 

Pounds of electrolytic copper produced 24,400,532 

Total kw. hr., A. C. charged to electrolysis 34,865,096 

Pounds of copper per kw. hr., A. C 0.70 

Pounds of copper per kw. hr., D. C 0.82 


Total tons of acid (66® B. sulfuric acid) charged to plant 59,809 

Pounds of 60° B. acid per ton of ore leached 90.3 

Pounds of 60° B. acid per pound of copper dissolved 3.56 

Pounds of 100 per cent, acid per pound of copper dissolved .... 2.76 


Average pounds of copper dissolved per ton of ore leached 26.06 

Average per cent, of total copper dissolved 79.89 

Per cent, of total copper into process shipped as electrolytic cop- 
per 63.70 

Per cent, of total copper into process shipped as cement copper . . 15.13 

Per cent, of total copper tied up in process 10.00 

Per cent, of total copper produced as electrolytic 75.33 

Per cent, of total copper produced as cement 24.67 


Total pounds of copper to process 

Total pounds of copper produced 

As electrolytic 24,400,532 1b. 

As cement 7,992,033 lb. 

Total pounds of copper in solution May 1, 1918. . 
Total copper unrecovered, 

In tailings as insoluble copper 

In tailings as water-soluble copper 

Unaccounted for 


43,847,000 

32,392,565 


1,902,768 

6,381,242 

2,110,332 

1,060,907 


Per Cent. 
100.00 
73.88 


4.34 

14.55 

4.81 

2.42 


gyratory crusher set on a high concrete pedestal. Four No. 8 crushers 
of the same type, two on each side, receive the product from the large 
crusher and reduce it to about 4-in. (101 mm.) cubes. This product is 
taken by two 36-in. (91 cm.) conveyors to the storage bins. The con- 
veyors have magnetic head pulleys; there are also powerful 53-in. (134 
cm.) magnets hung over each belt. 

The superstructure provides a runway and a 40-ton crane is installed 
over a No. 24 gyratory crusher for handling parts in repair and for 
breaking jams in the bowl of the crusher. The 10,000-ton storage bin 
between the coarse and fine crushers is of steel built on an elevated 
reinforced-concrete platform. It os flat-bottomed and the ore is drawn 
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from it automatically onto a set of four 20-in. belt conveyors, equipped 
with magnetic head pulleys, which deliver the ore to four units of 
Symons 48-in. vertical-shaft dish crushers. Each unit consists of three 
crushers, which are interchangeable in every respect. The first is set 
to crush to inch cubes. The material so crushed is elevated and screened; 
the undersize by-passes the remaining two crushers, which are set in 
parallel. The oversize passes to these two crushers which are set to 
crush to the desired size. The entire product is fed to a system of belt 
conveyors, which lead through a sampling plant to the leaching vats, 
which furnish the only storage for the crushed ore. The disk crushers 
are run by direct-connected 75-hp. alternating-current motors at 400 
r.p.m. The pinion shaft is long, permitting the motors to be set in a 
separate room, thus being protected from dust. 

In determining the proper size to which ore should be crushed for 
leaching, two main ideas are kept in view, crushing for extraction and 
crushing for percolation. The coarser the product, and the smaller the 
amount of fines, the freer the circulation will be; but the extraction will 
tend to vary with the size of the particles. The finer the ore is crushed 
the higher, the extraction will be until such fine crushing materially inter- 
feres with the circulation of the solutions. The more uniform the prod- 
uct the better the circulation will be, and, other things being equal, the 
higher the extraction. The ore used in early leaching tests was crushed 
by rolls that produced a large amount of fine material. Later a Symons 
vertical 48-in. disk crusher was used; Symons disk crushers were in- 
stalled in the 5000-ton plant. 

Table 2 gives screen analyses of the ore crushed at Ajo during the 
first year and represents the analyses on about 1,345,000 T. of ore. 
The fracture planes of the porphyry are such that the ore has a 
tendency to break into thin flat pieces, so that the leaching product is 
better than the screen tests indicate. All fracture planes in the Ajo 
ore contain more or less malachite and, as a result of crushing, the fine 
material contains more copper than the coarse. The screen analysis 
in Table 3, representing a sample from 150,000 T. of ore treated during 
the month of March, 1918, shows the distribution of the copper values. 

The mine is operated in two 8-hr. shifts and the coarse-crushing plant 
is necessarily operated for the same length of time, there being no storage 
between the plant and the mine. The fine-crushing plant is run from 
3 p. m. to 7 a. m., during which time the charge for a 5000-ton tank is 
crushed; but as there is a storage bin between the two crushing plants 
the fine plant can be operated for the full 24 hr. if necessary. Serious 
trouble has been experienced from the fine dust in the crushing plant. 
This nuisance has been somewhat abated by wetting down the ore on 
the cars as it comes from the mine, and a dust-collecting system is now 
being installed in the fine-crushing plant. 
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Table 2. — Summary of Screen Sizing Tests for First Year of Operation 


Month 

3 

Mesh, 

Per 

Cent. 

i 

4 

Mesh, 

Per 

Cent. 

6 

Mesh, 

Per 

Cent. 

8 

Mesh, 

Per 

Cent. 

10 

Mesh, 

Per 

Cent. 

1 

14 

Mesh, 

Per 

Cent. 1 

4-20 

Mesh, 

Per 

Cent. 

-20 

Mesh, 

Per 

Cent. 

May 

25.8 

18.8 

14.2 

9.7 

7.2 

4.1 

3.6 

16.6 

June 

15.5 

18.6 

15.7 

11.7 

8.1 

5.5 

4.2 

20.7 

July 

20.6 

18.8 

14.9 

9.7 

7.5 

5.2 

4.1 

19.2 

August 

24.7 

16.0 

12.2 

8.6 

7.0 

5.3 

4.4 

21.8 

September 

26.9 

17.5 

13.2 

9.1 

6.9 

4.9 

3.8 

17.7 

October 

23.3 

17.8 

13.9 

9.5 

7.2 

4.5 

4.2 

19.6 

November 

28.9 

16.9 1 

12.4 

8.5 

7.1 

4.9 

3.8 

17.5 

December 

41.4 

13.2 

9.7 

7.2 1 

5.2 

4.1 

3.3 

15.9 

January 

37.6 

12.6 

10.8 

7.3 

6.1 

4.5 

3.8 

17.2 

February 

30.0 

14.7 

11.9 

8.5 

6.8 

4.8 

3.7 

19.4 

March 

24.3 

15.4 

13.9 

9.0 

7.6 

5.6 

4.9 

19.3 

April 

19.8 

17.1 

13.5 

9.9 

7.6 

5.6 

4.8 

21.7 

Average 

Extremes — 

26.3 

16.6 

12.8 

9.1 

7.0 

5.0 

4.2 

19.0 

Charge No. 144 (1917) 

56.6 

9.6 

6.6 

5.0 

4.0 

3.1 

2.3 

12.8 

Charge No. 15 (1917) 

7.6 

15.2 

19.5 

14.3 

10.1 

5.2 

5.2 

22.9 

Charge No. 85 (1917) 

40-ton Test Plant: 

16.1 

11.3 

12.2 

9.9 

9.0 

7.1 

6.0 

28.4 

Average 290 charges 

9.7 

21.0 

20.0 

14.1 

8.0 

6.0 

4.2 

17.0 


Table 3. — Screen Analysis of Ore Treated During March, 1918 


Mesh 

Per Cent. 

Copper, 
Per Cent. 

Mesh 

Per Cent. 

Copper, 
Per Cent. 

On ^ 

24.3 

15.4 

1.41 

On 10 

7.6 

1.50 

Qn 4 

1.35 

On 14 

5.6 

1.61 

On 6 

13.9 

9.0 

1.38 

On 20 

4.9 

1.71 

On 8 

1.46 

Through 20 

19.3 

2.03 






Calculated — 1.548 per cent, copper 
Actual analyses — 1.530 per cent, copper 


The ore, as finally crushed, is conveyed by a system of 28-in. (71 cm.) 
belt conveyors through an automatic sampling plant and thence con- 
tinuously to the leaching plant. There are twelve leaching tanks 
arranged in two parallel rows of six each. The aisle between the two 
rows of tanks is 108 ft. (32.9 m.) wide and contains what is known as the 
central structure. This so-called central structure consists of six heavy 
reinforced-concrete piers supporting steel trusses that span from pier to 
pier. This central structure has two decks, the upper carrying the belt 
conveyor, the lower, the solution launders and pipe lines. Each unit 
pier consists of four smaller piers, each supporting a pump and its pipe 
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connections. Underneath this central structure and parallel to it are 
two drainage launders used to carry the solutions from the leaching 
tanks to the solution storage. 


Leaching 

The leaching tanks, 88 ft. (26.8 m.) square and 17 ft. 4 in. (5.28 m.) 
deep inside, are built of reinforced concrete with wooden bottoms. 
These have a capacity of 5000 T. each of crushed ore. The walls are 
in. (24.1 cm.) thick and are strengthened outside by concrete buttresses. 
The bottom is of 3 by 8-in. (7.6 by 20.3 cm.) Oregon pine laid edgewise, 
and is supported by concrete foundations. The sides and launders of 
the tanks are lined with 8-lb. (3.6 kg.) lead and the bottom with 6-lb. 4- 
per cent, antimonial lead. The filter bottom is laid over the lead bottom 
and consists of 5 by 12-in. (12.7 by 30.4 cm.) joists on edge laid on 16-in. 



Fig. 1. — ^Leaching tanks and excavator, New Cornelia Copper Co. 


(40.6 cm.) centers, covered with 2-in. ship-lap planks that are bored 
with %-in. (9.5 mm.) holes on 2-in. (50.8 mm.) centers countersunk 
from below. Under the center of the filter bottom, and at right angles 
to the wooden floor joists, there is a distributing launder 5 ft. (1.5 m.) 
wide by 2 ft. 9 in. (0.8 m.) deep, set in the floor through which the 
solution enters and from which it is distributed under the filter bottom. 
The lead lining oh the sides of the tanks is protected from abrasion by 
a covering of 2-in. planks held in place by 6 by 8-in. (15.2 by 20.3 cm.) 
vertical posts clamped at the bottom and top. At the top and sides of 
each leaching tank are two overflow launders extending the length of the 
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tank, one end being connected with the suction of a circulating pump, 
The charging is done by means of a machine especially designed for this 
plant and known as the spreader bridge; it consists of a traveling 
bridge of structural steel which spans the tanks and travels, as desired, 
lengthwise with the row. The bridge supports a 28-in. (71.1 cm.) belt 
conveyor, which receives the crushed ore from the belt on the central 
structure. A tripper on this belt spreads the ore in the leaching tanks. 

At the present time the tanks are charged by filling to the top of the 
tank at one side, allowing the ore to assume its natural slope, or about 
45°, and then continuing at one side and discharging the ore at the top of 
the slope, allowing the coarser material to run to the bottom and the 
finer to remain somewhat higher up, thus giving a rough classification. 



Fig. 2. — ^Leaching tanks and roasters, New Cornelia Copper Co. 


The bridge is moved slowly forward as the filling of the tank progresses. 
This plan was suggested by the engineers of the Chile Copper Co., who 
have obtained the best results through this method of filling. 

The crushed ore is leached from six to eight days by a counter-current 
system and upward percolation, using dilute sulfuric acid as the principal 
solvent of the oxidiaed copper minerals. 

The solution in each tank is circulated by two 15-in. (38.1 cm.) vertical- 
centrifugal pumps of 3500 gal. (13,248 1.) per min. capacity each. These 
are driven by direct-connected 40-hp. vertical motors. The head against 
which the pumps work is 28 ft. (8.5 m.), which is virtually equivalent to 
the friction head of the solution passing through the ore. The discharge 
from one of these pumps is provided with a by-pass which permits a 
portion of the solution to be advanced to the next tank. Both pumps are 
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throttled to give a circulation of about 4000 to 5000 gal. per min. through 
the ore. Of this amount about 1000 gal. (37851.), called the solution 
advance, is continuously passing through from tank to tank. The high- 
acid solution (3 per cent, free sulfuric acid) coming from either or both 
the tank house and the solution storage and going on the oldest ore, is 
called the acid advance. ’’ The nearly neutral solution coming off the 
newest charge and going to the reduction towers is known as the “neutral 
advance. ” 

Cycle of Leaching Operation 

To understand more clearly the various operations taking place dur- 
ing a leach cycle, the accompanying flow sheet for a day’s operation should 
be followed. The arrangement of the piping and launders permits the 
advance of solution in but one direction, clockwise. The tanks are also 
charged in this order. Of the twelve tanks, eleven are used as leaching 
tanks and one as a solution settler. Of the eleven tanks, seven always con- 
tain ore in the process of leaching. Referring to flow sheet. Fig. 4, if 
we assume the ore in tank 10 to be the oldest and that in tank 5 to be the 
newest in circuit, then tank 6 is being charged with ore, tank 7 is empty, 
tank 8 is being excavated, and tank 9 is in the various stages of washing 
and draining. 

When the charging of tank 6 has been completed and the tank is 
ready for the leaching cycle, the acid advance is increased to the maxi- 
mum (2000 gal. per min. for 4 hr.) by the addition of solution from the 
storage tanks A or E. Meanwhile the usual advance of about 1000 gal. 
per min. continues to go from tank 5 to the reduction towers and the 
excess solution is advanced to tank 6 until the ore is covered; this is to 
prevent any interruption in the solution flow to the towers. When the 
ore is covered this additional advance is cut off and the normal advance 
resumed. The solution on the new charge is now circulated on itself for 
about 4 hr., or until clarified. Tank 6 is now put into circuit and the 
neutral advance to the towers comes off tank 6 in place of tank 5. 

The leaching of the ore in tank 6, now begun, continues for 7 days, 
during which period the free acid in the solution has varied from 0.5 per 
cent, on the first day to 3.0 per cent, on the seventh. To show the acid 
concentrations during a leach cycle, the daily analyses of the solution 
going on each day were averaged for some 18 consecutive charges. The 


results were as follows: 

Per Cent. 

Free H2SO4 going on the ore the seventh day 3.0 

Free H2SO4 going on the ore the sixth day 2.6 

Free H2SO4 going on the ore the fifth day 2.2 

Free H2SO4 going on the ore the fourth day 1.9 

Free H2SO4 going on the ore the third day 1.6 

Free H2SO4 going on the ore the second day 1.2 

Free H2SO4 going on the ore the first day 0.9 




Fro. 3. — General plan op plant. 
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At the end of the seventh day, the acid advance from the tank house is 
transferred from tank 10 to tank 11. Upon the entrance of a new charge 
into the circuit the solution remaining in the oldest tank is drained to 
the solution storage, where it is standardized with acid and is later used 
as acid advance. After thorough draining, the tank is ready for the wash 
water. 

As the copper entrained in a charge after leaching is about one-third 
of the total copper dissolved, the question of thorough washing is very 
important. Four successive wash waters with drainings are used. 
During the 3 hr. circulation that each wash is given, an equilibrium be- 
tween the dissolved copper in the tailings and that of the wash water 
being applied is expected to be reached. To follow more readily the 
method of washing a charge, the flow sheet is referred to. When tank 9 
has been thoroughly drained, the charge is covered with wash water 
from wash-water tank 1, circulated, and then drained to solution storage 
tank A or E; this constitutes the first wash. The charge is now covered 
with wash water from wash-water tank 2 and similarly circulated, and 
then drained into wash- water tank 1. In the same manner, the wash 
water from wash-water tank 3 is put on, circulated, and drained. The 
fourth or last wash, consisting entirely of fresh water, is pumped, circu- 
lated, and drained into wash-water tank 3. 

In this manner the fourth wash of any one charge is used as the third 
wash of the succeeding charge, the third used as the second, and the second 
as the first. In other words, each wash water is used four times, Aie 
copper contents increasing each time, when it is incorporated into the 
system to make up the continuous losses of solution. These losses are 
due to evaporation, discard, and solution entrained in tailings. 

The average analyses of the wash waters for March, 1918, were as 
shown in Table 4. 


Table 4 . — Analyses of Wash Waters for Marchj 1918 



Solution 

Off 

First 

Wash 

Second 

Wash 

Third 

Wash 

Fourth 

Wash 

Free H2SO4, per cent 

2.56 

1.02 

0.68 

0 48 

0.10 

Copper, per cent 

2 40 

1.61 

1.15 

0.74 

0.38 

Ferrous iron, per cent 

1 58 

1.06 

0.70 

0 47 ’ 

0.04 

Ferric iron, per cent 

0.72 

* 0.48 

0.31 

0.17 

0.26 

Specific gravity 

1.30 1 

; 

1.20 

1.13 

1 1.08 

1 

1.05 



To obtain the best results in washing a charge, the tanks should be 
thoroughly drained after each wash and the circulation should be limited 
by the time required to reach an equilibrium. As each 0.1 per cent, of cop-, 
per in the last wash water means a loss of over 1000 lb. of dissolved copper 
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per day, it is evident that the washing has not yet been perfected. Lim- 
ited solution storage and launder installation during the first year has 
made the use of a fifth wash water impracticable. Probably the best 
recommendation made in connection with the use of a fifth wash water 
was the precipitation of its copper contents on scrap iron simultaneously 
with its use, using the same water repeatedly until it reaches a point 
where it is no longer effective. Plans are now being considered for this 
installation. The losses that the wash waters replace are shown in 
Table 5. The total is about the volume of one wash water. The average 
moisture in the tailings for the first year of operation was 11.12 per cent. 


Table 5. — Losses of Solution 


1 Gallons per Ton of Ore 

1 

1 Gallons per Day 

Evaporation . 

1 

5 to 10 

25,000- 50,000 

Discard 

28 to 30 

140,000-150,000 

Entrained in tailings. 

, 24 to 26 

i ! 

120,000-130,000 

Total 

1 ' 57 to 66 

285,000-330,000 

Removal of Tailings 


After a charge has been washed and drained, the tailings are removed 
from the tank by means of a Hulett unloader. The machine was fur- 
nished by the Wellman-Seaver-Morgan Co., and is similar to unloaders 
used on the Great Lakes for unloading iron ore from boats. A heavy steel 
bridge on trucks spans the leaching tanks and travels their entire length. 
On this bridge travels a trolley carrying a walking beam, bucket leg, and 
bucket of 12 T. capacity. The unloader has a rated capacity of 500 T, 
per hr. and will generally excavate a tank of tailings in 10 to 11 hr. An 
engineer and an oiler are required to operate it. A description of this 
machine has been written by Franklin Moeller, Engineer for the Well- 
man-Seaver-Morgan Co.^ Two eight-car trains are released from the 
mine service at 4.30 p. m. for the transportation of tailings. Twenty-one 
to twenty-three train loads of eight cars each are required to excavate a 
tank. The tailings are taken to a dumping ground located about a mile 
from the plant. The dump is on gently sloping ground with a uniform 
grade of 1 per cent., the end of the present dump being about 80 ft. (24.3 
m.) above the original ground. 


Solution 

The acid advance during the first year has varied from 869 to 1324 
gal. (3289 to 5011 1.) per min. While we found that the more rapid 


* Trans. (1919) 61. 
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Fig. 5. — Cross-section and cavalier projection op leaching tank. 
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advance appeared to give better extractions, we also found that the acid 
consumption was greatly increased. It is of interest to note that the 
per cent, of free acid coming off the newest charge averaged practically 
the same for an advance of 869 gal. per min. as for an advance of 1324 
gal. per min. To show the normal decrease in acid and increase in copper 
and other constituents in the solution advance in one passage through 
the leaching tanks, the average analyses for the month of March, 1918, 
are given in Table 6. 


Table 6 . — Analyses of Solution for March, 1918 



Acid Advance 

Neutral Advance 

Free sulfuric acid, per cent 

3.00 

0.48 

Copper, per cent 

2,38 

3.04 

Iron as ferrous iron, per cent 

I 1-57 

1.61 

Iron as ferric iron, per cent 

0.69 

0.72 

Alumina, per cent 

2.53 

2.60 

Specific gravity 

1.290 

1.305 


There were originally some 13,000,000 T. of thoroughly oxidized ore, 
consisting principally of malachite together with small amounts of cuprite 
and chrysocolla distributed through a monzonite-porphyry gangue. Of 
this tonnage over 10 per cent has already been treated. It came in 
nearly equal quantities from three widely separated parts of the orebody. 
From this it is reasonable to believe that equally good or better results 
may be expected from the remainder. The ore so far mined has been 
better than the sampling of the property indicated, averaging 1.631 
per cent, total copper as against 1.54 per cent, reported. Occasionally 
small quantities of sulfides are encountered, but not enough to make it 
worth while to treat this ore separately. Both the total and the soluble 
copper content of each charge of ore bedded is determined. The differ- 
ence between the total copper and the soluble copper is an indication of 
the quantity of copper present as sulfides; for the first year of operation 
it was 0.054 per cent. 

Comparing the analyses and assays on corresponding composite sam- 
ples of the ore before and after leaching, it is found that a measurable 
quantity of iron, alumina, and magnesia has been dissolved. Table 7 
gives the analyses of the ore before and after treatment during February, 
1918. A study of the table will show relative solubilities of the various 
constituents of the ore in our present leaching solution. This was one 
of the first things to be determined in developing this process. Mr. 
Croasdale showed that the quantity of soluble material other than copper 
is comparatively small. Furthermore, comparison of the sizing tests 
of the ore before and after treatment shows that no appreciable physical 
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Table 7,- — Analyses of Ore Before and After Leaching y February y 1918 



Heads, 

Tails, 


Heads, 

Tails, 

• 

Per 

Per 


Per 

Per 


Cent. 

Cent. 


Cent. 

Cent. 

SiOz 

67.04 

69.28 

P 2 O 5 

0 13 

0 110 

Fe, total 

5.05 

4.33 

NazO 

1 73 

1 60 

AI 2 O 3 

12.30 

11.50 

K 2 O 

3 34 

3 31 

CaO 

0.63 

0.60 

TiOz 

0 44 

0.48 

MgO 

1.52 

1.24 

CaO as CaS 04 


0.27 

Mn 

0.025 

0.02 

Fe as ferrous iron 

; 3 57 

2.05 

S 

0.05 1 

0.26 

Fe as ferric iron 

1.48 

2.28 

S (sol. in H 2 O) 


0.16 

HzO 

0 95 

0 93 

Cu, total 

1.57 

0.28 

Au, ounces per ton . 

0 OH 

0 014 

Cu, (sol. in H 2 SO 4 ) 

1.51 


Ag, ounces per ton 

0 161 

0.157 

Cu, in laboratory washed 




1 


tailings 


0.22 


1 

1 

I 


change has taken place as a result of the solution of these constituents. 

A part of the regular daily laboratory work consists of making analyses 
of a composite of hourly samples of the solutions on and off all leaching 
tanks An average of the analyses of 18 consecutive charges is shown in 
Table 8. The results proved so interesting that 94 charges were similarly 


Table 8. — Composite Analyses of Solutions on and off Tanks 



Gain in Copper 
Concentration, 
Per Cent. 

Drop in Acid 
Concentration, 
Per Cent. 

Converted Pounds per Ton 
of Ore Treated 

Pounds of Pounds of 60“ 

Copper B H2SO4 

Dissolved Consumed 

1st day 

0 094 

0 194 

3 66 

9.74 

2d day 

0.138 

0 288 

5.37 

14.45 

3d day 

0.111 

0.318 

4.32 

15.90 

4th day 

1 0.108 

0 388 

4.58 

19.40 

5th day 

i 0.098 

0.278 

3.81 

13.85 

6th day 

j 0 063 

0.350 1 

2.45 

17.55 

7th day 

0 015 

i 0.394 ! 

0.58 

19.60 

8th day* 

0 032 

0.394 

1.24 

19.60 

Total 

0.659 

2.604 

26.01 

* 130.09 


* The eighth day represents the maximum acid solution. 


averaged, including some charges that for various reasons were per- 
mitted to remain in the leaching tanks for 10 days. The results for the 
first eight days on these 94 charges checked very closely those of 
the 18 eight-day charges; therefore, a comparison will be made only 
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of the last four days of the leaching period. From this, it is obvious that 
the 0.7 lb. of copper gained per ton of ore leached on the last two days 
was obtained at a cost of nearly 43 lb. (19.5 kg.) of 60° B. sulfuric acid, 


Table 9. — Copper Dissolved and Acid Consumed 


Number of Charges Averaged 

Pounds of Copper Dissolved per 
Ton of Ore Treated 

Pounds of 60® B. Acid Consumed 
per Ton of Ore Treated 

94 

18 

94 

18 

7-day leach 

25.7 

24.8 

109.2 

112.7 

8-day leach 

26.9 

26.0 

129.6 

130.0 

9-day leach 

27.3 


150.9 


10-day leach 

27.6 


172.2 



and that there is a well-defined point where a high extraction is not profit- 
able, if it is obtained by prolonging the time of contact between ore and 
acid. The pounds of material dissolved per ton of ore leached and the 
pounds of acid consumed appeared to be as shown in Table 10. 

Table 10 . — Material Dissolved and Acid Consumed 


Number of Days Leached 




2 


4 

5 

6 

7 

8 

9 

10 

Cu, lb. per ton ore 

3.60 

8.75 

14.50 

19.11 

22.47 

25.00 

26.72 

27.93 

28.26 

28.65 

Fe, lb. per ton ore 

0.00 

0.00 

0.00 

0.98 

2.28 

4.62 

5.70 

6.80 

8.42 

9 22 

ALOa, lb. per ton ore 
leached 

0.00 

0.17 

1.69 

1.40 1 

2.29 

2.76 

4.61 

7.33 

1 

10.22 

13.65 

MgO, lb. per ton ore 
leached 

0.00 

0.08 

0.58 

0.63 

1.03 

1.24 

2.08 

3.31 

4.60 

6.15 

Pounds of 100 per cent. 










acid used per ton of 

8.1 

19.1 

32.4 

47.2 

59.4 

71.7 

84.8 

100.6 

117.2 

133.8 












Leaching tests made on individual screen sizes in a small lead Pachuca 
tank holding approximately 200 lb. (90 kg.) of ore showed the rates at 
which the various impurities dissolve compared to that of copper. The 
ore was carefully screened, dried and weighed. The acid was weighed 
and the solution measured. The acid concentration was kept as near as 
was possible to that of the 5000-ton plant for the corresponding day. 
So far, tests have been completed on three screen sizes: Minus 0.525 
in. plus 0.371 in., minus 3 mesh plus 4 mesh, and minus 6 mesh plus 
8 mesh. The cumulative pounds of material dissolved per ton of ore 
leached are as follows: 
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Test 1. — Minus 0.525 Plus 0:371-mesA Screen 





Hours Leached 




24 1 

48 

72 

96 

120 

144 

Cu 

10 34 

1 

i 14.36 

16.97 

1 

18.82 

21.22 

22.14 

Fe 

I 0.43 

I 0.79 

1.21 

1.64 

2.03 

2.57 

AbOa... . 

1 04 

1.71 

2.19 

2.64 

3.26 

3.36 

MgO.... 

0.23 

0 31 

0.35 

0 40 I 

0 70 

0.80 

OaO... 

1 19 

1.36 

1.18 

1 22 

1.19 1 

0.98 

P2O5 

0 25 

0 35 

1 0 44 

i 0 47 

0.63 

0.64 


Test 2.- — Minus 3-mesh Plus 4:-mesh Screen 


Hours Leached 



13 

I 30 

4S 

72 

97 

1 125 

144 

Cu 

14 80 

18 30 

21.10 ; 22.30 

24,10 

!25 CO 

26 60 

Fe .. 

0 65 

0 89 

1 29 

1.74 

2.16 

! 2 96 

3.96 

AI2O3. . 

1 18 

1 99 

2.47 

2.46 

2 79 

1 3 71 

4.08 

MgO.. 

0 25 

0.32 

0 34 

0 39 

0.49 

1 0 73 

0 90 

CaO... . 

1 52 

1.15 

1.08 

1 01 

0 92 

1.05 

1 08 

P2O5 . 

0 34 

0 47 

0 58 

0 66 

0 85 

1 05 

1.03 


Test 3.- — Minus (j-mesh Plus 3-mesh Screen 


Houis Leached 



12 

24 

36 

60 

72 

Cu 

; 18 20 

21 10 

22 50 

22 eo 

23.40 

Fe 

0 70 

1 00 

1.15 

1.55 

1.85 

AI 2 O 3 

1 1 69 

2 28 

2 59 

! 2.88 , 

3 01 

MgO 

0.26 j 

0 34 

0.37 ! 

1 0 31 

0 42 

CaO 

1 27 j 

1 18 

1 08 

1.08 

1 08 

P 2 O 5 

i 0.25 

0 37 

0 43 . * 

0 76 

0 83 


Calculating these results so as to show the solubility of impurities, in 
pounds per pound of copper dissolved, we have Table 11. These results 
indicate that fine crushing gives the highest extraction in the least time 
and with the minimum acid consumption. 
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Table 11 . — Impurities Dissolved per Pound of Copper 



% 

24'hr. Leach 

72-hr. Leach 

144-hr. Leach 


i 

j Test 1 

Test 2 

Test 3 

Test 1 

Test 2 

Test 3 

1 

Test 1 

Test 2 

Fe 

1 

0.042 

1 

0.043 

0.044 

i 

0.071 

0.078 

0.079 

0.116^ 

! 

0.162 

AlzCi 

0.109 

O.OSOj 

0.108 

0.129 

0.110 

0.129 

! 0.152| 

0.166 

JV/TgrO 

0.0211 

0.016 

0.016 

i 0.021 

0.017 

1 0 018 

! 0.036 

! 0.037 

CaO 

0.115 

0.102 

0.060 

0.069 

0.045 

' 0 046 

0.044 

0.044 

PiOs 

0.024 

0.023 

0.017 

0.026 

0.029 

0.035 

0.029 

0.042 

Total copper dissolved, per cent. . 
Pounds of acid consumed per lb. 

31.6 

55.6 

80.0 

51.9 

74.9 

91.5 

1 67.7 

89.2 

of copper dissolved 

2.0 

2.0 

2.4 

2.3 

! 2.2 

! 2.7 

2.4 

2.6 


Add Consumption 

Upon the amount of acid consumed per pound of copper may depend 
largely the profit to be derived from the ore. During some 300 charges, 
the average acid consumption for the 40-ton plant was 2.8 lb. (1.3 kg.) 
of 100 per cent, acid per pound of copper dissolved. This does not in- 
clude that part regenerated in the tank house by the electrolytic deposi- 
tion of copper or that obtained by the oxidation of the SO2 to H2SO4 by 
the ferric iron. Mr. Croasdale’s experiments showed a probable acid 
consumption of about 3.15 lb. (1.4 kg.) of 100 per cent. H2SO4 per pound 
of copper dissolved. This was of course the net consumption, as there 
was none produced or regenerated. 

The amount of new acid introduced into the system during the first 
year has varied from month to month. By new acid we mean that part 
of the acid that must be brought in from an outside source, and repre- 
sents only about 60 per cent, of that actually consumed in dissolving the 
copper in the ore; of the remaining 40 per cent., 32 per cent, is that gener- 
ated in the towers by the oxidation of SO2 and 8 per cent, is that regener- 
ated in the tank house by the deposition of copper. In the final report 
on the experimental work, we stated that this acid consumption on the 
5000-ton plant would not exceed 3 lb. of 100 per cent. H2SO4 per pound 
of copper dissolved. 

For the first 5 mo. of the year, both the development work at the 
mine and the usual troubles in starting a plant prevented the delivery 
of 5000 T. of ore per day. This condition resulted in many of the charges 
being in process from 10 to 16 days, during which time great quantities 
of acid were consumed and but little copper extracted. For the last 
7 mo. these conditions have been continually bettered and the average 
acid consumption for the first year of operation is 2.76 lb. (1.25 kg.) 
of 100 per cent. H2SO4 per pound of copper, or 3.36 lb. (1.5 kg.) of 60° B. 
acid per pound of copper, while the average for the last 4 mo. is 2.75 lb. 
(1.24 kg.) of 60° B. or 2.14 lb. (0.96 kg.) of 100 per cent. acid. 
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Approximately 60,000 T. of 60° B. sulfuric acid have been charged out 
to the leaching, process during this first year of operation, or an average 
of 164.4 T. per day. During this period, some 1,345,000 T. of ore have 
been put into process, making an average acid consumption of 89.6 lb. 
(40.5 kg.) of 60° B. acid per ton of ore. The acid used is purchased from 
the Calumet & Arizona Mining Co. acid plant at Douglas, Ariz., 
and is delivered to Ajo, some 300 miles distant, in 50-ton iron tank cars 
at the rate of about three cars a day. Ample storage has been provided 
by the erection of four 1000-ton steel tanks, which permit of keeping 3500 
to 4000 tons of acid in stock. A 6-in. (15 cm.) pipe line delivers the 
acid by gravity to the electrolytic tank house and to the solution 
storage. 

Since the Ajo ores carry neither arsenic nor antimony, which are very 
deleterious impurities in cathode copper, the only other source of intro- 
duction for these impurities would be sulfuric acid. As the ore used for 
the production of the acid at Douglas carries but very small quantities 
of these impurities, the acid is of good quality, and there is no trouble 
from this source. 


Table 12 . — Analysis of Sulfuric Acid {Oct. 1, 1917 to Jan. 1, 1918) 



Per Cent. 

i Per Cent 

1 


Per Cent. 

H 2 S 04 i 

80 86 

Cu 

! 0 0618 

Fe 

0.0219 


(Equivalent 

Pb 

0 0032 

Zn 

0 0161 


to 61.5° B.) 

Sb 

0 0063 

Bi 

None 

N 203 

0 0064 

As 

0 0058 

Cl 

None 

HN03 

i None 






An analysis of three months’ composite sample of the acid is shown 
in Table 12. The acid occasionally has a pinkish tint, which upon exami- 
nation was found to be due to a trace of selenium. After operating 
several months, a blood-red scum appeared in spots on the oil on the sur- 
face of the electrolyte. Anodes withdrawn at about that time showed a 
similar coating on the porcelain insulators. This scum or deposit was 
tested and found to be selenium. 

To show how the acid is consumed, a typical solution analysis is 
given in Table' 13. This is the analysis of a composite sample represent- 
ing solution from the whole leaching and electrolytic cycle on Dec. 
27, 1917. The specific gravity is 1.319. There are about 6,000,000 
gal. (22,710,000 1.) or approximately 30,000 to 35,000 T. of such solution 
on hand at all times throughout the plant, representing a tie-up on the 
average of some 900 T. of copper and 500 T. of acid (100 per cent.) . Large 
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as this may appear it is believed that it will not equal the quantity of 
copper that is tied up at the average smelter with an equal production. 


Table 13 . — A Typical Solution Analysis 



Per Cent. 


— 

Per Cent. 


Per Cent. 

Cu 

2.736 


0.192 

H0SO4, free . 

1.500 

AhOs 

2.758 



CaO 

0.055 

As 

0.003 

Fe, total 

2.456 

MnO 

i 0.038 

Sb 

1 0.002 

Fe as ferrous 

1.511 

Cl i 

1 0.012 

Zn .. . 

1 0.033 

Fe as ferric 

MgO 

1 

0 945 
: 1.420 

1 

S 03 

1 17.004 

j 

i 

Se .. 

i Trace 


The free acid in the solution going through the ore has been main- 
tained at practically a constant percentage during the first year, but on 
comparing the per cent, of copper in the tailings of charges of like size and 
equal time of contact with the solution, wide variations are noted. No 
reason could be found for many of these variations. 

To determine whether the copper contents of the tailings in the 
different parts of a tank are uniform, several tanks were sampled. The 
results on two of these tanks are shown. Each train-load was sampled 
separately. The tailings were sampled by taking eight 8-oz. (178 gm.) 
scoops full from the top of each car in predetermined places. The loca- 
tion in the cross-section of the tank from which the different samples were 
drawn was recorded. Since there was a difference in the per cent, of coarse 
and fine material in the different parts of the tank, the amount of copper 
was determined only in the tailings between 3 and 4 mesh. Figures in 
parenthesis are the cut number, while the others give the per cent, 
copper in the samples from these cuts. 

Charge 61, Tank 6. — This tank was charged by filling one side to the 
top and then advancing from the south to the north side, as shown 
below. 
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Tank charged, March 10, 2.10 p. m. Solution on, March 10, 6.30 p. m. 
Solution oflf, March 17, 4.00 a. m. Total time of leaching, 6 days, 9 hr., 
30 min. Excavating began, 5 p. m. Finished, 4.00 a. m. Time, 11 hr. 
The last train-load was a general clean-up of the floor and showed 0 . 20 
per cent, copper. 

COPPEB, 

Peb Cent. 


Average of above 21 train-loads, 4 mesh 0.223 

Regular tailings sample, 4 mesh 0.24 

Regular tailings sample, all mesh 0.24 


Sizing Test, 
Mesh 

3 

4 

6 

8 

10 

14 

+ 20 

-20 

Tailings 

On, per cent 

23.80 

21.90 

13.30 

9.10 

7.50 

4.50 

3.80 

16.10 

Cu, per cent 1 

0.44 i 

0.24 

0.15 1 

1 

0.14 

0.14 

0.15 

0.14 1 

0 22 


Regular head sample, per cent, copper 1.51 

Copper dissolved, per cent 84.1 


Regular head sample, per cent, copper 1.51 

Copper dissolved, per cent 84.1 


Charge 127, Tank 6.- — The tank was charged by filling both sides 
to the top and then advancing from the south to the north side, as shown 
in the following diagram. 



.27 

( 1 ) 

1 .23 

1 

(i) ; 

1 

.31 

( 7 ) .24 

( 10 ) .29 

( 13 ) 



.28 

( 2 ) 

1 .22 

( 5 ) i 

.27 

( 8 ) .25 

( 11 ) .37 

( 14 ) 


North 

.27 

(31 

.23 

( 6 ) 

.24 

( 9 ) .23 

( 12 ) i .31 

( 15 ) 

South 



,-"'."21 

( 22 ) 

.22 

( 20 ) 

.23 ( 18 ) 

r “725 ( 16 ) 




X^.22 

( 25 ) 

.21 

( 23 ) 

.20 

( 21 ) 

1 

1 

1 





.20 

( 24 ) 



.25 ( 19 ) 

1 . 28 ( 17 ) 

1 




Tank charged, May 14, 8.10 a.m. Solution on, May 14, 11 p. m. 
Solution off, May 21, 3.30 p. m. Total time of leaching, 6 days, 4 hr., 
30 min. Excavating began, 5.20 p. m. Finished, 3.30 a. m. Time, 
10 hr. 10 min. 

The space within the dotted lines represents the zone of highest cir- 
culation and hence the most intense leaching action. The close agree- 
ment between the average of all the segregation assays and that of the 
regular tailings sizing test on similar sized material indicates consistent 
sampling. This is further emphasized by a comparison of the head 
sizing test (automatic sample) and the tailings sizing test, which is n 
hand sample. 
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COPPEE, 

Per Cent. 


Average of 25 train-loads, assay of 4-mesh material 0.25 

Regular tailings sample 0.25 

Sizing test on regular sample, 4 mesh 0.27 

Total copper calculated from sizing test 0 25 


Sizing Test, 

Mesh 

3 

4 

6 

8 

10 

14 

+20 

-20 

Heads 

On, per cent 

Cu, per cent 

19.60 

1.29 

17.30 

1.30 

15.00 

1.24 

10.40 

1.27 

7.60 

1.34 

5.50 

1.43 

4.20 

1.44 

20.40 

1.86 

Tailings 

On, per cent 

Cu, per cent. ! . . 

14 70 
0.38 i 

20 40 
i 0 27 

[ ' 

14.60 

0.21 i 

10.00 

0.18 

8.40 

0 19 

1 

5 40 

0 19 

4 40 
; 0 18 

22.10 

0.27 


Regular head sample, per cent, copper 1.36 

Calculated copper from sizing test, per cent, copper 1.42 

Copper dissolved, per cent 81.60 


Effect of Variation in Circulation 

Charges were run with various rates of circulation, but no decided 
effect could be noted. Samples of ore taken from the top of a charge at 
regular intervals showed that where the solution had free access to the 
ore only 3 days were required to dissolve 80 per cent, of the copper in 
the ore, as against 6 days for the whole charge. These results and others 
lead to the belief that the crushing and the bedding of a charge so as to 
give the best circulation is of prime importance. In other words, the 
greatest care should be exercised in bedding and in regulating the circula- 
tion so as to prevent channeling of the solution. Upward circulation 
was selected because it reduces the tendency toward channeling and also 
effects more rapid solution of the copper. 

Results obtained show that small variations in the density have no 
appreciable effect on the solubility of copper in the solution. In spite of 
the self-evident fact that a light solution is a more active lixiviant than a 
heavy one, a certain density must be maintained to keep the remainder 
of the process in balance. 

At the beginning of operations the lead lining of the leaching tanks 
was exposed to the channeling of the ore and serious abrasion was noticed. 
The ore buoyed up by the heavy solution circulating at a high rate had 
completely worn through the lead in places. This condition was remedied 
by lining the tanks with 2 by 12-in. (5 by 30 cm.) planks and no further 
trouble has been experienced from this source. The solution was pre- 
vented from coming up between the plank and the lead lining by calking 
with oakum and asphalt. The bottoms of the leaching tanks are lined 
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with 4-per cent, antimonial lead, while the sides are of chemical lead. 
Some trouble was at first experienced from splitting at the seams, between 
the hard and soft lead lining. This was caused by expansion, contrac- 
tion, and defective burning. These seams were repaired and no further 
trouble was experienced. There were no important changes made either 
in the equipment or operation of the leaching division. The only 
change of interest was the reduction in the time of leaching from the 
original 8-day period to that of 6 to 7 days. 


Water Supply 

At the time the property was taken over, the nearest known water 
supply in sufficient quantity for our purpose was the Gila River, some 45 
mi. (72.42 km.) to the north. The development of a closer water supply 
was one of the important problems to be solved. A large valley about 8 
mi. (12.875 km.) northeast of Ajo was selected as a likely place and two 
wells were drilled. In both water was found at a depth of about 600 ft. 
(182 m.) having a temperature of 104° F. At one of these places a two- 
compartment shaft was put down and a modern pumping plant installed. 
This shaft is now delivering 800,000 to 1,000,000 gal. (3,028,000 to 
3,785,000 1.) of water per day, without any sign of decrease in volume. 
The pumping installation consists of a duplex double-acting high-pres- 
sure pump driven by a direct-connected synchronous motor. The water 
is pumped 6.7 mi. (10,7 km.) through a 10-in. (25 cm.) iron pipe line 
against a 1375-ft. (419 m.) head, including friction. 

The sinking of another well, about a year later, by a rancher, some 6 
mi. east of Ajo and about 12 mi. from the present well, proved the ex- 
tent of the water course. The water found was of practically the same 
temperature and analysis. This made reasonably certain a continuous 
and plentiful supply. In this connection a comparison of the analyses of 
the water at these wells will be of interest. The analyses were made ac- 
cording to a well-known method of boiler-water analysis and are therefore 
comparable, see Table 14. Samples 1 and 2 were taken during develop- 
ment of the present supply. The analyses were made in the Calumet 
& Arizona laboratory, Bisbee, Ariz. Sample 3 was taken from plant 
tap near the end of the construction period, after pumping approximately 
100,000,000 gal. from the well; sample 4 was taken after pumping ap- 
proximately 400,000,000 gal., and sample 5 is water from the ranch well 
southeast of Ajo. The water from our main well is used for all purposes, 
including leaching plant, mine, railroad, and townsite. The great depth 
of the well and its distance from any possible sources of contamination 
make it an unusually good potable water. Further drifting in the present 
well would no doubt increase the flow should more water be required. 
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Table 14 . — Analyses of Water in Grains per U. S. Gallon 



Sample 1 
4-15-14 

Sample 2 
5-18-15 

Sample 3 
11-15-16 

Sample 4 
4-15-18 

Sample 5 
3-20-17 

Si 02 , insoluble 

1 

1 3.90 

2.71 

2.28 

2.52 

2.22 

FesOs -f IAI 2 O 3 

i 0.17 

0.11 

1.14 : 

0.05 

0.37 

CaCOa.. 

3.00 

2.20 

1.95 

1.90 

2.10 

CaS04 j 

none 

none 

none 

none 

none 

CaCU I 

none 

none 

none 

none 

noue 

MgCOa 1 

0.73 

0.71 

0.84 

0.80 

1.13 

MgS04 

none 

none 

none 

none 

none 

MgCU 

none 

none 

none 

none 

none 

NaaCO, 

4.34 

4.21 

4.95 

5.04 

4.71 

NaS04 

8.52 

7.78 

7.70 

7.66 

8.99 

NaCl ! 

16.93 

16.76 

19.30 

14.83 

19.11 


Reduction 

In the electro-deposition of copper from a suKuric-acid solution, iron 
if present will consume electric energy, by its alternate oxidation and 
reduction, thereby reducing the quantity of copper deposited per unit 
of current. During the experimental work the control of the ferric iron 
proved one of the hardest problems to solve. A patent diaphragm-anode 
was tried and gave good results, but was cumbersome and difficult to 
keep in order. Later, tests made on a process in which iron and alumina 
were precipitated as hydrated oxides by the addition of roasted copper 
ores gave good results. This method was considered too complicated 
for an ore of this character. The idea was then suggested of using the 
natural oxides and carbonates in the ore itself as the precipitant of the 
ferric sulfate; in other words, the precipitation of the principal impurities 
in the solutions upon the charge itself. ’ Early tests made on a small 
scale were very promising, but tests carried out later on a larger scale 
failed to give the desired results. For the first 15 or 20 days, the copper 
in the newest charge of ore was sufiicient to precipitate all the ferric iron 
that was contained in the solution passing through the ore. However, 
as the acid concentration on each charge increased, the precipitated fer- 
ric iron was redissolved and eventually accumulated to such an extent 
that the iron in the solution was in excess of the copper available as a 
precipitant. ^ 


Use of Sulfur Dioxide 

It was now decided to. resort to SO 2 reduction. The general opinion 
was that this was both unsatisfactory and difficult. ~ This proved to be 
the case in solutions decidedly acid, but in the case where neutral or 
slightly acid solutions were used reduction proved quite easy. For these 
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tests elemental sulfur was used, as it was believed that a gas with the 
maximum percentage of SO 2 was most essential and that a rich gas could 
only be produced by burning elemental sulfur. Owing to lack of knowl- 
edge of the operation of sulfur burners considerable trouble was experi- 
enced from volatijizing sulfur. 

In the sulfite-pulp industry large quantities of sulfur gas are pro- 
duced and absorbed, and accordingly the method of producing and ab- 
sorbing the gas used in that industry was investigated. It was found 
that similar trouble from volatilized sulfur was experienced when making 
a gas containing above 12 per cent, of sulfur dioxide from elemental sulfur. 
It was also found that at some plants pyrites were used and that under 
proper conditions a gas of 12 per cent. SO 2 could be produced. The 
only objection in the sulfite-pulp industry to the use of pyrites was the 
tendency of small calcined particles to be carried into the solution and 
thence into the pulp. Upon investigation it was decided to make use of 
the cheap and abundant supply of the high-sulfur low-copper ores of the 
Bisbee district. 

The ore, some 75 T. per day, is unloaded from a trestle on a stock 
pile, underneath which there is a tunnel provided with a 24-in. (60.9 cm.) 
belt conveyor. The conveyor delivers the ore to a 13 by 20-in. (33 by 
50.4 cm.) Blake jaw crusher, thence to a vertical-shaft 48-in. Symons 
disk crusher, giving a final product of about 3 mesh. A bucket elevator 
and a 20-in. conveyor equipped with automatic tripper delivers this 
crushed ore to eight hoppers situated above four Wedge roasters. These 
roasters are 22 ft. 6 in. in diameter, have seven hearths, and are belt- 
driven by 7J^-hp. motors. 

The gas leaving the roasters passes through a short balloon flue to a 
Cottrell precipitator, where the gas is cleaned of dust before it enters the 
spray or cooling chamber. The precipitator has forty-eight 13-in. collector 
tubes and a 65,000-volt circuit is used. At the beginning of operations, 
the gas cooled to such an extent before reaching the precipitator that sul- 
furic acid vapor present was condensed and prevented efficient precipita- 
tion. Insulating both the balloon flue and the precipitator with magnesia 
covering and cement remedied this condition. The gas, now practically 
clean, enters a large sheet-lead chamber locally called the cooling chamber. 
This chamber is 14 ft. (4.2 m.) square, 94 ft. (286 m.) long, and is built 
of 8 lb. (3.6 kg.) lead supported on a wooden framework. There are 38 
nozzles distributed over the top and sides through which ‘^neutral ad- 
vance^’ is sprayed to. cool the gas before it enters the towers. Between 
90 and 100 gal. (340 and 378 1.) of solution per min. are required to sup- 
ply these sprays. The ferric iron in the solution used in cooling the gas 
is practically all reduced and the solution joins that coming from the 
towers. The temperature of the gas in its passage through the spray 
chamber is reduced from 600 to 150° F. A flue, 20 ft. (6 m.) long and 6 ft. 
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(1.8 m.) square, connects the spray chamber with the bottom of the first 
pair of towers, dividing the gas equally between them. 

There are six towers arranged in pairs. Two pairs of the towers are 
part of the original equipment and are 40 ft. (12 m.) high and 20 ft. in 
diameter. These are built of sheet lead, supported on a steel framework. 
The top 10 ft. is made of 8-lb. lead, the second 10 ft. of 10-lb. lead, and 
the bottom 20 ft. of 124b. lead. The other pair, built during February, 
1918, are 28 ft. (8.5 m.) in diameter, 40 ft. (12 m.) high, and are built of 
ordinary redwood tank construction, hooped together with iron rods. 
As an additional precaution against gas leakage, the wooden towers are 
painted with asphalt and covered with three-ply roofing paper under the 
hoops. The towers rest upon a reinforced concrete base, provided with 
a lead pan. All towers are filled with boards ^ in. (9.5 mm.) thick, 
11 in. (32.9 cm.) wide, and placed on edge, the width of a board apart, 
and in layers. Each layer is laid at right angles to the one immediately 
below it. The solution is distributed over the top of the towers by a 
system of launders provided with gas seals. Between the second and 
third pair of towers is a 60-in. (152 cm.) lead fan. This fan draws the 
gas from the roasters through the Cottrell precipitator, spray chamber, 
and third set of towers, and forces it through the second and first sets 
to the atmosphere. The temperature of the escaping gas is that of the 
atmosphere. 

The solution (or neutral advance) to be reduced travels counter- 
current to the flow of gas, that is, the most reduced solution comes in 
contact with the strongest gas. The solution coming from the newest 
tank of ore is pumped to the top of the third pair of towers by a 9-in. 
(21.8 cm.) 1600-gal. (6056 1.) per min. centrifugal pump. These are of 
the Antisell type and work against a 70-ft. head. The solution distrib- 
uted by launders and gas seals flows down over the filling, thus coming 
into intimate contact with the rising gas. At the bottom of each pair of 
towers there is a concrete lead-lined sump, 6 ft. deep and 50 ft. long, into 
which the solution flows and is then pumped through the next pair of 
towers. From the first pair of towers the solution is pumped to the 
second pair, then to the third pair, and then to the so-called settling 
tank whence it goes to the tank house. The purpose of this settling 
tank is two-fold: one, to settle out the slime; the other, to get the benefit 
of the additional reduction that was found to take place in a neutral 
or slightly acid solution on standing. That the reduction of ferric 
iron in solution continues for some time after leaving the towers was first 
pointed out by G. D. Van Arsdale, who observed it during his work with 
SO 2 gas as a reducing agent. 

A summary of the reduction data for the first year of operation and 
for March, 1918, is given in Table 15. The successful operation of the 
electrolytic plant depends, to a large extent, on the operation oT the 
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Table 15 .^ — Reduction Data for First Year and for March, 1918 

1917-1918 March, 1918 


Average tons of sulfide ore roasted per day. . . 68.5 75.6 

Average per cent, sulfur in ore 42.7 42.6 

Average per cent, sulfur in calcines 7.1 6.0 

Average roasters in operation 3.6 4.0 

, Average per cent, ferric iron in solution enter- 
ing towers 1.06 0.79 

Average per cent, ferric iron in solution leaving 

towers 0.46 0.17 

Average per cent, ferric iron in solution entering 

tank house 0.45 0.10 

Average per cent, ferric iron reduced 0.61 0.69 

Average per cent, of total iron reduced 57.8 87.3 

Average circulation through towers, gal. per 

min 1005 1324 

Average specific gravity of solution through 

towers 1 . 344 1 . 305 

Average per cent, total iron in solution through 

towers 2.36 2.40 

Average per cent, sulfur dioxide by volume in 

gas entering towers 8.1 9.9 

Average percent, sulfur dioxide by volume in 

gas leaving towers 1.9 0.8 

Pounds of sulfur consumed per pound of ferric 

iron reduced 0.57 0.40 

Average tons of new acid produced per day 

(estimated) 38.3 66.3 

Average free acid in solution entering towers ... 0.37 0.48 

Average free acid in solution leaving towers 1.54 1.70 


reduction plant. The reduction plant should be so designed that it will 
be capable of reducing more ferric iron than will be oxidized during the 
deposition in the tank house of the maximum quantity of copper. The 
less ferric iron there is in the electrolyte the higher will be the current 
efficiency. From the data obtained during the experimental work, 
only . 50 per cent of the theoretical tank-house oxidation took place. 
Based on these calculations, only four reduction towers were built. After 
the plant had been in operation a while it was found that the oxidation 
in the tank house was more nearly 70 per cent, of the theoretical and that 
four towers were insufficient to meet the conditions that would be 
imposed upon them by maximum tank-house capacity. Two more 
towers with a combined capacity of those already in use were then 
constructed. 

To show the relative reduction in the various towers, an average was 
made of the solution analyses in and out of each tower for a period 
extending over one month; see Table 16. These results show the highest 
reduction taking place in the solution coming in contact with the gas 

VOL. LX. 4. 
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containing the lowest per cent, of SO2. This is partly due to the facts 
that the solution entering the first set of towers contains the lowest per 
cent, of free acid and the highest ferric iron content, and that these towers 
have the largest capacity. It is evident that the lower the density of 
the solution, the better will be the absorption and subsequent reduction. 
The lowering of the density is limited, however, by the operation of the 
remainder of the process; but it is believed that this fact should be con- 
sidered as an important point in the operation of the towers. 


Table 16* — Analyses of Solution In and Out of Reduction Towers 


1 

Ferrous Iron, 
Per Cent. 

Ferric Iron, 
Per Cent. 

Total 

Reduction, 
Per Cent. 

Neutral advance entering towers 

1.61 

0 79 


Solution leaving first pair of towers 

1.95 

0.45 

49.5 

Solution leaving second pair of towers 

2.14 

0.26 

27.5 

Solution leaving third pair of towers 

2.25 

0.15 

16 0 

Solution leaving settling tank 

2.30 

0.10 

7.0 


It is of interest to note that during the first year 33 per cent, of the 
total acid required in dissolving the copper content of the ore is produced 
in the reduction towers according to the reaction: 

Fe2 (804)3 + SO2 + 2 H2O 2 FeS04 + 2 H2SO4 

This, however,* represents an increase of only 1.2 per cent, free sul- 
furic acid in the solution through the towers. 

Electrolytic Deposition 

The electrolytic tanks are housed in a structural steel building, 166 ft. 
(50 m.) wide and 280 ft. (85 m.) long, having sides only partly enclosed 
to give good ventilation. The operating floor is about 15 in. below the 
top of the electrolytic tanks. The floor in the aisles is of wood grating 
with the exception of the reinforced-concrete center aisle. The floors 
at the ends of the building are planks placed at the same level as those 
of the aisles. The electrolytic tanks are all on the same level, none in 
cascade. 

The cellar, which is open on all sides, had an asphalt floor draining 
to gutters that lead to a sump at each end of the building. There is 
8 ft. of headroom throughout the cellar to permit regular inspection of 
tanks, piping, and feed-wires. 

The electrolytic tanks are arranged in banks with aisles between. 
There are 12 banks of 10 tanks each and 4 banks of 8 tanks each, making 
a total of 152 tanks. Each tank is separated from the adjacent tank by 
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a 3-in. (76.2 mm.) air space. All tanks are made of Oregon pine, lined 
with 7 lb. (3 kg.) chemical lead. The inside dimensions of the tanks are 
29 ft. 7 in. (9 m.) long, 4 ft. 9 in. (1.4 m.) wide, and 4 ft. 3 in. (1.3 m.) deep. 
These tanks are supported on concrete columns, and are insulated by tile 
blocks covered with sheet-lead caps. Each tank is provided with a 
4-in. clean-out plug. There are also two perforated lead diaphragms, 
one at each end of the tanks, to assure a uniform circulation. The inlet 
to each tank is fitted with a 33^^-in. diaphragm valve and a 33^^-in. glazed 
stoneware goose-neck for insulating purposes. At the outlet end there 
is a lead overflow pan fitted with a 4-in. tile pipe suspended in a lO-in. 
lead boot connected to the discharge pipe. 

Lead Anodes 

Each tank has 84 anodes, making a total of 12,768 in the tank house. 
The anodes are of lead containing 3.5 per cent, antimony. The average 
weight of a lead anode is 215 lb. (97 kg.). They are 40 by 51 by M in. 
(101.6 by 129.5 cm. by 6.3 mm.) thick, and are suspended by two H by 
l3-:^-in. copper bars secured to the tops of the anodes. The submerged 
surface of all anodes is 41 by 41 in. The spacing of anodes is 4}^ ft. 
on centers. The distance from the bottom of an anode to the bottom of 
the tank is 8 in., while that of the cathode is 7 in. Short circuits are 
prevented to some extent by providing the anodes with eight conical 
glazed porcelain insulators distributed over the anode faces. 

Much doubt was expressed about the life of the lead anode and some 
very positive statements were made regarding their probable length of 
life. Continuous service extending for over 1 year has failed to show 
appreciable oxidation. To obtain definite figures on the disintegration 
of lead anodes operating under such conditions as these, nine new anodes 
were carefully marked, weighed, and put into operation. These have 
been taken out at various times, weighed, and examined. During the 
first period of operation of 70 days, these anodes showed an increase in 
weight, due to oxidation, of about 0.94 lb. (0.42 kg.) per anode, or about 
0.44 per cent, of the total weight. This amounted to 36 lb. (16 kg.) 
of lead per ton of copper deposited. During the second period of 42 
days, there was an apparent loss in weight of lead; while during the 
third period, there was no change in weight within the limit of error in 
weighing. Basing calculations on these figures, it is evident that the 
oxidation of anodes will not be an important factor. 

Previous to our 40-ton tests, little appeared to be known regarding 
the action of chlorine on lead anodes and much doubt was expressed as 
to the effect of small amounts of chlorine in a sulfate electrolyte. The 
water that was used in the 40-ton plant contained only about one-third 
of the amount of chlorine that is present in the water used in the 5000-ton 
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plant. Something over 183,000 lb. of electrolytic copper analyzing 
99.73 per cent, copper and 0.042 per cent, chlorine were produced in the 
40-ton plant, and when checking back on the chlorine introduced into 
the system, it appeared that about 65 per cent, of it was deposited with 
the copper. Such also proved to be the case in the 5000-ton plant. The 
water used for all purposes at the plant averages 0.015 per cent, total 
chlorine. When starting up the plant and making up leach solution, 
the chlorine content of the solution gradually increased from 0.015 to 
0.021 per cent, when the electrolytic tank house started operations, 
then decreased until it reached about 0.010 per cent, where it appears 
to be constant. 


Cathodes and Starting Sheets 

There are 77 cathodes to a tank, or 9779 cathodes in the tank house, 
exclusive of starting-sheet blanks. The cathodes are 42 in. (106 cm.) 
square and are totally submerged. They are suspended upon 3.^ by 
(12.7 by 31.7 mm.) copper bars by loops made from starting 
sheets. The original starting sheets weighed about 15 to 18 lb. (6 to 8 
kg.) while the finished cathodes weigh 130 to 140 lb. (58 to 63 kg.). At 
the present time 127 tanks are used for making cathodes and about 14 
to 16 days are required to produce cathodes of the desired weight. 

Crane service is provided by two 80-ft. (24 m.) span 5-ton Shaw 
cranes, operating the length of the building, each serving one-half of the 
electrolytic tanks. One section of 11 cathodes is removed at a time 
and carried to the center aisle, where they are washed with hot water to 
remove the salts and soluble copper. They are then landed on an iron 
frame to facilitate the hand trucking to the freight cars. Each car 
is sampled by drilling every twentieth cathode in the center and in diag- 
onally opposite corners. All electrolytic copper, whether cathode or 
scrap, is shipped to the Raritan Copper Works at Perth Amboy, N. J., 
where it is melted, brought up to pitch, and cast into commercial shapes. 

The cathodes produced have varied from 99.15 to 99.85 per cent, in 
copper content, the impurities being principally slimes, held by mechan- 
ical entanglement. The greater .the density of the electrolyte, the lower 
is the copper content in the cathodes and the greater the insoluble matter, 
iron, and alumina. The cathodes always contain more or less chlorine, 
varying from 0.05 to 0.35 per cent. There being no arsenic or antimony 
in the ore, and very little in the acid, the average arsenic content of the 
anodes is less than 0.0015 and the antimony less than 0.0005 per cent. 

There are 25 tanks operating on starting sheets, each tank containing 
77 starting blanks, or a total of 1925 blanks. These are located in the 
eight-tank banks at the north end of the building. The starting blanks 
are of rolled 3.5 per cent, antimonial lead 53 by 43 by J^^-in. (134.6 by 
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Fig. 6. — Flow sheet op electrolytic connections op electrolytic tank house. 
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109 cm. by 6.3 mm.) and are large enough to allow a small amount of trim- 
ming, which is done with a squaring shear. Grooved redwood sticks 
are used at the edge and bottom of the blank to cut the sheet to facilitate 
stripping, and are found to be satisfactory. The anodes in these tanks 
are 3.5 per cent, antimonial lead, and are 41 by 52 by 34 inches. They 
do not have porcelain insulators, as these tend to spot the starting 
sheets. The spacing of anodes in these tanks is the same as in 
the commercial tanks. The tank construction and other details are 
likewise similar. 

Eleven blanks are handled at one time by the crane, and placed on an 
iron stripping rack provided with a crawl so that the blanks can be car- 
ried, one at a time, to the center of the rack, where the starting sheets are 
removed by two strippers, one stripping from each side. After stripping, 
the blanks are oiled and placed on the opposite end of the rack to be 
returned by the crane to the tanks. Four men will strip, under favor- 
able conditions, 924 sheets in 5 hr. The starting sheets, after being 
stripped and trimmed, are looped on a standard Morrow machine. 

The electrodes hang parallel to the flow of solution (or parallel to the 
length of the tanks) to give a free circulation of the electrolyte. This 
method of hanging the electrodes was first brought to our attention by 
the work done at the Butte and Duluth leaching plant. 


Electric Arrangement 

Alternate busbars extending across the tanks connect the electrodes 
in parallel and the tanks in series (see illustration). These busbars, 
placed across the tank, divide it into seven sections or cells. The inter- 
mediate busbars are 13-^ in. (38 mm.) wide and 4 in. (101.6 mm.) deep, 
while the end busbars are 1 in. wide and 4 in. deep. Soldered along the 
top of each busbar is a triangular piece of copper, 3^^ in. high, giving a 
point contact to the electrode bars. Small maple blocks impregnated 
with linseed oil insulate cathodes and anodes from opposite busbars. 
These busbars are supported on insulated iron castings, which in turn 
rest on the tank cleats. The current for the deposition of the copper is 
supplied to the tank house by two identical 15,000-amp. circuits, each 
circuit having 76 tanks in series. This arrangement gives the maximum 
current density of 8 amp. per sq. ft. of cathode surface when operating 
under normal conditions. With an average current eflSiciency of 80 per 
cent, this means a daily gain of about 10.25 lb. (4.6 kg.) per cathode, 
or a total capacity of 120,000 lb. of electrolytic copper per day. The 
drop of potential between anodes and cathodes has averaged very close 
to 2.00 volts. There is a tendency for the voltage to drop during the 
summer due to increase in temperature of the electrolyte. 




Fig. 7. — East and west section through 
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Electrolyte 

The solution flow in the tank house is part of a closed circuit with the 
leaching and reduction plant, receiving a continuous flow of solution 
from them. This flow, coming always off the newest ore, then through 
the towers and settler, is regulated by means of weirs and has varied 
from 800 to 1500 gal. (3028 to 5677 1.) per min., depending on operating 
conditions. This volume is divided among the 16 banks of tanks, those 
on starting sheets getting generally a little more than those on cathodes. 
By this arrangement each bank of tanks on cathodes receives between 
60 and 70 gal. per min. of reduced solution. Each bank unit consists of 
either 8 or 10 tanks, a sump, and a 9-in. (22.8-cm.) vertical type centrif- 
ugal pump of 1600 gal. per min. capacity. Each bank has an individual 
circulation of 1600 gal. per min. between it and the sump, w^hile an over- 
flow arrangement provides for the return of such a portion of the electro- 
lyte as is equivalent to reduced solution added. Daily analyses are 
made of the solution entering and leaving the tank house. Since the 
operating conditions for the month of March were more nearly uniform 
for the plant as a whole, the analyses of the solution for this period is 
given in Table 17. The specific gravity of the solution to the tank house 
(neutral advance) is 1.310 and of the solution from the tank house (acid 
advance) is 1.305. 


Table 17 . — Analyses of Solution Entering and Leaving Tank House 



Solution to 
Tank House 
Neutral 
Advance, 
Per Cent. 

Solution 
from Tank 
House Acid 
Advance, 
Per Cent. 


Solution to 
Tank House 
Neutral 
Advance. 
Per Cent. 

Solution 
from Tank 
House Acid 
Advance, 
Per Cent. 

Cu 

2.985 

2.513 

MnO 

0 040 

0.040 

Fe (ferrous) 

2.315 

1 660 

CaO 

0 060 

0.062 

Fe (ferric) 

0.085 

0.745 

P 2 O 5 

0.130 

0 130 

Fe (total) 

2.400 

2.405 

Cl 

0 0123 

0 0110 

AI 2 O, 

2.470 

2.465 

H 2 SO 4 , free 

1.70 j 

2 10 

MgO 

1 1 360 

1.360 


! 



The current efficiency depends on the quantity of ferric sulfate pres- 
ent, due to the reaction between ferric sulfate and metallic copper. 
The ferric iron content in the solution is kept as low as possible and the 
conditions shown are as good as can be expected. No doubt with a 
smaller quantity of total iron present in the solution less would be oxi- 
dized, and it was recommended that the total iron be kept below 2 per 
cent. With the total iron not over 2 per cent., the ferric iron in the elec- 
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trolyte will probably not exceed 0.5 per cent., the current efficiency will 
be increased, and more acid will be regenerated. 

At the beginning of operations in the tank house, a great deal of diffi- 
culty was encountered by the dropping of cathodes in the electrolytic 
tanks, due principally to the corrosive action of the ferric sulfate on the 
loops at the solution level, and on that part of the cathode covered by 
the ends of the loops. Corrosion at the solution line was easily remedied 
by raising and lowering the solution level in the electrolytic tanks, but 
the corrosion of the cathode sheet between the loop ends was far more 
difficult to overcome. Later this condition became worse with the in- 
crease in the ferric iron and higher temperature of the electrolyte. The 
dropping of cathodes not only caused bad short circuits in the tanks 
but made it necessary, when pulling cathodes for shipment, to pull 
individual sheets with tongs, which made it almost impossible to handle 
the daily output of cathodes. Considerable damage was also done to 
the lead lining of the tanks and the danger from accidents was more 
than usual. Numerous schemes to overcome this difficulty were sug- 
gested and tried, until it was found that by splitting the ends of the 
loop and attaching them with a Morrow machine in such a manner that 
the portion of the starting sheet adjacent to the loop was exposed to the 
deposition of copper, not only the loop, but also the sheet built up, 
making a good firm joint. Since the adoption of this method no further 
trouble has been experienced with dropping sheets. Patents have been 
applied for and allowed covering this improved loop. 

The average weight of copper per kw. hr., gross a. c., for the first year 
was 0.70 lb. (0.3 kg.). It is expected that it will be increased to 0.80 lb. 
for the coming year. 

Since the oxidation of the ferrous sulfate diverts oxygen from the for- 
mation of acid, the actual acid regenerated is only about 65 to 70 per 
cent, of the theoretical. This again shows the importance of keeping 
down the oxidation to the minimum. This could be done by increasing 
the flow of solution through the tank house to the permissible limit, or 
by reducing the quantity of total iron in the solution. 

It was originally recommended that the electrolyte be filtered before 
entering the tank house, with the idea that a purer electrolyte would 
give better cathodes and starting sheets; this was not done. During the 
first 6 or 7 mo. the solution coming off the ore went directly to and 
through the tower into the tank house. As the density of the solution in- 
creased more slime was carried from the leaching tanks to the tank house 
and the quality of the copper produced deteriorated. During Novem- 
ber it was decided to settle the solution and one of the leaching tanks was 
converted for this purpose. This settling, crude as it is, produced a 
notable difference in both the chemical composition and the physical 
character of the copper. 
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Some trouble was experienced in the tank house from anode gases. 
This was remedied, in the usual way, by keeping a small quantity of oil 
on top of the electrolyte. 

When there was practically complete reduction^ of the ferric iron in 
the solution entering the tank house, annoyance was experienced by 
sulfur dioxide being given off from the solution as it entered the tank 
house. During this time the free acid in the electrolyte was kept at 3 
per cent, and was added prior to the entrance of the solution to the tank 
house. On adding the acid to the return solution from the tank house 
this trouble practically ceased. The tank house was started on June 1, 
1917, and has been in continuous operation since that time. On June 18, 
the first electrolytic copper was shipped. 

A summary of the tank-house data for March, 1918, is shown in 
Table 18. 


Table 18.- — Tank-house OperatioUj Marchj 1918 


Total pounds of electrolytic copper produced 3,152,800 

Total pounds of electrolytic copper shipped 3,134,500 

Per cent, of total copper shipped as scrap 3.9 

Average weight per cathode, pounds 130 

Total gross kw. hr., a. c., charged to tank house 4,141,763 

Average pounds of copper produced per gross kw. hr., a. c 0.76 

Average temperature of air in tank house 61 .5° F. 

Average temperature of solution entering tank house 86.5® F. 

Average temperature of solution leaving tank house 93.4® F. 

Average current density, amperes per square foot of cathode 7.56 

Average drop between anode and cathode, volts 2 08 

Average advance through tank house, gallons per minute 1300 

Average number of tanks on cathode copper 127 

Average number of tanks on starting sheets 25 

Average number of tanks to discard 20 

Average per cent, copper in solution entering tank house 2.99 

Average per cent, copper solution leaving tank house 2 52 

Average per cent, ferric iron in solution entering tank house 0 09 

Average per cent, ferric iron in solution leaving tank house 0.75 

Average per cent, total iron in electrolyte 2.40 

Average per cent, free acid in solution entering tank house 1.7 

Average per cent, free acid in solution leaving tank house 2.1 

Average specific gravity of solution entering tank house 1.310 

Average specific gravity of solution leaving tank house 1 305 


Adjoining the tank house on the west is the power house. This was 
designed by C. C. Moore & Co., of San Francisco, and is a structural 
steel building 200 ft. (60 m.) long, 126 ft. (38 m.) wide. Five 
822.6-hp. Sterling boilers equipped with economizers and automatic 
fuel-oil control generate the steam. The steam, at 240 lb. (108 kg.) pres- 
sure and a total steam temperature of 520°, is delivered to one of two 
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turbo-generators with a normal rating of 7500 kw. each. Either of these 
generators is capable of handling the entire plant load. Each exhausts 
into a Wheeler surface-type condenser. The circulating water used for 
the condensers is cooled by means of a 150 X 400-ft. spray pond. By 
drawing water for the leaching plant from this spray pond, the salts and 
incrusting solids are prevented from accumulating. 

All power generated is delivered to the station buses, which are en- 
closed in a concrete structure. Leading from these buses are ten 2300- 
volt feeders, the three largest carrying power to three Westinghouse 
motor-generator sets, each consisting of a 2400-hp. synchronous motor, 
direct-connected to two 170-volts, 5000-amp. d. c. generators, which 
furnish the current for the tank house, while the seven smaller feeders* 
supply a. c. current which is used by the crushing, leaching, and reduc- 
tion plant, well, mine, and townsite. About 600 bbl. of oil are consumed 
by the plant per day. This is supplied through a 6-in. oil line from two 
steel tanks 60 fl . in diameter by 30 ft. high, each with a capacity of about 
15,000 barrels. The average kw. hr. per barrel of oil for the year has 
been 314.2. The oil used at the plant will average 18,766 B.t.u. per 
pound of oil. 


Discard for Purification of Electrolyte 

As previously mentioned, only about 45 to 50 per cent, of the total 
acid used in an 8-day leach is utilized in dissolving copper. The remain- 
der is used in dissolving impurities. If copper only is removed from the 
solution, the other substances will gradually accumulate and the solution 
will reach a condition where it will become sluggish in dissolving the cop- 
per from the ore. To keep the solution active, it is evident that a portion 
must be discarded and replaced with fresh water. The quantity of 
solution discarded per day must contain impurities equivalent to the 
amount dissolved per day, if the accumulation is to be avoided. In the 
experimental work it was found that, under similar conditions, nearly 
all the substances that went into the solution were present in a fairly 
constant ratio to one another. Of the various impurities dissolved, 
iron is the most easily and quickly determined and was used as the 
indication of the quantity of solution necessary to be discarded. Our 
experimental work clearly demonstrated that the best results are obtained 
when the total iron in the solution does not exceed 2 per cent, and the 
specific gravity does not exceed 1.28. To maintain the most efficient 
conditions, 90 gal. (340 1.) per min. discard was reported as necessary. 
This was later proved to be correct for conditions in the 5000-ton plant, 
as shown by the summary in Table 19. 

The most economical solution to discard is that containing the great- 
est quantity of impurity and the least quantity of free acid per unit 
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of copper. For the first 7 months of operation, neutral advance was the 
most desirable to discard. This solution averaged 3 per cent, copper, 
0.2 to 0.5 per cent, free H 2 SO 4 , and 2.4 per cent, total iron, of which 
0.6 to 0.8 per cent, is present as ferric iron. An attempt was mhde to 
precipitate the copper from this solution on heavy scrap, but the action 


Table 19. — Discard Solutions 



Gallons per 
Minute for 
24 Hours 

r 

Specific 
Gravity of 
Solution 

Total Iron 
in Solution, 
Per Cent. 

Average, 
Days, Leach- 
ing Period 

Number of 
Charges 
Excavated 

May, 1917 

none 

1.15 

0.34 

9.3 

3 

June, 1917 

none 

1.24 

1.60 

16.1 

14 

July, 1917 

21 

1.35 

2.36 

13.9 

18 

August, 1917 

50 

1.38 

2.60 

12.0 

17 

September, 1917 

90 

1.38 

2.56 

10 5 

23 

October, 1917 1 

83 

1.36 

2.44 

9.9 

23 

November, 1917. 

80 

1.34 

2 36 

9 5 

23 

December, 1917 

70 

1.33 

2.38 

9 3 

25 

January, 1918 

i 72 

1.32 

2.26 

7.8 

28 

February, 1918 

1 73 

1.31 

2 39 

9.3 

24 

March, 1918 

1 

1.31 

2 40 

7 2 

32 

April, 1918 

82 

I 1.32 

1 

2.49 

CO 

29 • 


was very sluggish. In addition to this difficulty, the launder space 
designed to treat 30 gal. (113 1.) per min. proved to be insufficient. 
As the cost of producing cement copper is about 2 c. more per pound than 
that of electrolytic, it was of prime importance to reduce this amount to 


Table 20.^ — Solutions going to Iron Precipitation Launders 



Copper, Per Cent 

H2SO4, Per Cent. 

Ferric Iron, 

Per Cent. 

Average 
Current 
Efficiency, 
Per Cent. 

In 

Out 

In 

Out 

In 

Out 

First bank 

3.14 

2 72 

0.95 

1.64 

0.45 

1.06 

73 0 

Second bank 

2.72 

2 30 

1 64 

1 93 

1.06 

1.51 

55.0 

Third bank 

2.30 

2 06 

1.93 

2 23 

1.51 

1.71 

46.0 

Fourth bank 

2 06 

1 1.71 

2 23 

; 2.62 

1 71 

1.82 

47 0 

All banks 

3.14 

1.71 

0.95 

i 2.62 

! 1 

0.45 1 

1.82 



the minimum. Since when using neutral solution for discard nearly 
one-third of the total copper production would be produced as cement 
copper, an investigation was made to produce a solution containing 
the greatest amount of impurities per unit of copper. During December, 
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four electrolytic banks of 10 tanks each were connected in series and 
the effluent from the last bank of tanks .was sent to the iron precipitation 
launders. The average analyses of the solution through each bank of 
tanks, with a flow of 73 gal. per min., was as shown in Table 20. 

The results will vary with the amount of solution flowing through the 
tanks. The action of the effluent from the last bank of tanks was any- 
thing but sluggish and the precipitation was rapid. However, the high 
iron consumption and the low power efficiency made this arrangement 
doubtful economy and two of these banks were put on regular tank- 
house practice. This discard solution, containing a certain amount of 
free acid, precipitates copper more rapidly than a neutral solution. The 
cement copper so produced is easily washed from the scrap iron. This 
method of discarding solution produces a smaller amount of cement and a 
greater amount of electrolytic copper. 

Recovery of Copper from Discarded Solution 

The original cementing equipment consisted of six sections of rein- 
forced-concrete launders. These are arranged in two parallel rows of 
three sections each. They are each 60 ft. (18 m.) long, 10 ft. (3 m.) wide, 
and 4 ft. 6 in. (1.37 m.) deep, giving a total launder capacity of 16,200 
cu. ft. (458 cu. m.) or 121,500 gal. (459,857 1.). The bottom of each 
launder slopes toward three side cleanout gates. The scrap iron rests 
upon a grated wood floor. The solution flows through each one succes- 
sively, but may be by-passed to allow the cleansing and refilling of any 
of the sections. From these launders the waste solution was to go to the 
desert. 

The launders provided to handle the solution were found to be in- 
sufficient and the scrap iron was too coarse for good work. Only about 
65 per cent, of the copper in the solution was precipitated during the 
first 3 mos., and the effluent from these launders was impounded in large 
ponds and later pumped back to the new launders. The construction 
of eight additional temporary wooden launders was begun, lighter scrap 
iron was bought, and the copper content of the waste solution was thereby 
reduced. Of the eight temporary wooden launders, one is 14 ft. (4 m.) 
wide, 280 ft. (85 m.) long, and 2^^^ ft. (0.75 m.) deep, and seven are 10 ft. 
(3 m.) wide, 280 ft. long, and 3*^ ft. (1.05 m.) deep. These have a total 
capacity bf 78,400 cu. ft. (2218 cu. m.), or 588,000 gal. (2,225, 580 1.), 
thus giving a total capacity of both concrete and wooden launders of 
94,600 cu. ft. (2677 cu. m.) or 709,500 gal. (2,685,457 1.). The wooden 
launders are connected with the concrete launders by a 6-in. lead pipe 
line. 

Under good operating conditions about half the copper is precipitated 
in each set of launders. When a launder is no longer efficient, the solu- 
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tion to that launder is by-passed and the solution remaining in it is 
drained. The cement copper i|i the concrete launders is shoveled out 
onto wooden platforms, where the iron is hand-picked, and the copper is 
loaded into box cars for shipment to the smelter. 

The cement copper, being practically saturated with ferrous and alum- 
inum sulfates, dries out very slowly. Recently a concrete sump 20 
by 75 by 3 ft. (6 by 22 by 0.9 m.) was constructed near the wooden laun- 
ders, into which the cement copper can be flushed and washed. A loco- 
motive crane removes the copper in a small bucket to shallow wooden 
bins, where it is dried for shipment. This part of the process has proved 
to be a problem and methods are being developed to handle the material 
more economically. 

The solutions entering and leaving these launders during an average 
month are as follows: 


1 H 2 S 04 , 
Per 

i Cent. 1 

! 

Copper, 

Per 

Cent. 

Ferrous 

Iron, 

Per 

Cent. 

Ferric 

Iron, 

Per 

Cent. 

Specific 

Gravity 

Solution going to concrete launders j 2.34 

: 2.12 

1 07 

1.44 

1 31 

Solution coming out of concrete and going j 
into wood launders ! 0.77 

0 63 

4.51 

0.13 

1 31 

Solution from wood launders to desert ... 1 0 08 

1 0.02 

4.54 

0 08 

1 25 


Metallizing Tests 

Anticipating the difficulty that will probably be experienced in ob- 
taining suitable scrap iron for precipitation purposes, the company de- 
cided to investigate again the plan, first suggested by Mr. Croasdale in 
1912, of reducing the iron oxide in calcine to sponge iron. There was no 
doubt but that this material could be produced and all efforts were 
directed to devise a furnace for that particular purpose. However, the 
experiments were brought to a close before this had been accomplished. 
About this time the experimental staff of the Anaconda Copper Co., 
working along similar lines, developed a revolving intermittent metal- 
lizing furnace of the Bruckner type. The results of these tests have been 
fully described in the Transactions^ 

When we decided again to investigate metallizing, arrangements were 
made with the Anaconda company to install one of their Bruckner fur- 
naces and to furnish us an experienced operator. These tests are still 
in progress at this writing. We feel convinced, from the results already 
obtained, that with a high-iron, low-sulfur calcine, nearly complete metal- 


® Frederick Laist and F. F. Frick: Trans. (1914) 49 , 691. • 
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lization of the available iron is possible and with coal and oil at a reason- 
able price, the cost of sponge iron will compare favorably with the 
present cost of scrap. 

At the present time between 20,000 and 30,0001b. (9071 to 13,607 kg.) 
of copper are being precipitated per day, with an iron consumption of 
about 2 lb. (0.9 kg.) per pound of copper. If calcines (metallized) were 
to be used the principal saving would be in the cost of handling the 
precipitate. 


Resolution of Cement Copper 

It was originally intended to make use of the ferric sulfate present in 
the oxidized tank-house solution as a solvent of the cement copper, 
thereby increasing the production of electrolytic copper and at the same 
time avoiding the handling of cement copper. Cement copper, when 
clean and finely divided, dissolves readily in ferric sulfate with formation 
of copper and ferrous sulfates: 

Fe2(S04)3 H" Cu — > CuS 04 + 2 FeS 04 

By so doing not only is the cement copper dissolved, but the ferric iron 
is reduced also. The plan was to hose off the loosely adherent copper 
from the scrap iron to the bottom of the tank and then flush it into one 
or more circular lead-lined tanks, called agitators. These tanks are 20 
ft. (6 m.) in diameter and 6 ft. (1.8 m.) deep, provided with a stirring device, 
driven by a small motor; 125 gal. (473 1.) per min. of tank-house return 
solution can be circulated through each tank. 

This plan of redissolving the cement copper is only carried out when 
the operating conditions of the plant require it. The principal objec- 
tions to the continuous use of such a plan are the difficulty of introduc- 
tion of the copper to the tanks, the solution dilution that it incurs, and 
the tendency to increase the impurities, which in turn increase the quan- 
tity of discard necessary. 

The agitators were started on July 1, 1917, and were continuously 
operated until Sept. 1, 1917, when it was decided to ship all cement 
copper possible. During February, the grade of the ore dropped for a 
short time and it was desirable to increase the copper contents of the 
electrolyte, and the agitators were once more put into commission. 
Careful comparison of the present cost of shipping and treating this 
copper and the cost of redissolving give the latter method a small advan- 
tage. In other words, the agitators have not given the results that were 
anticipated. If, however, a method could be devised whereby the copper 
could be washed, drained, and then transferred without dilution, it would 
be a more profitable operation. 
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SUMlilARY 

In order that the reasons for some of the present operating conditions 
may be thoroughly understood, a short account of the events that led to 
these conditions will be given. Much time having been consumed in 
the development of the process, the management was eager to begin 
operations and have this company enter the producing class. 

On Apr. 15, the crushers were given a tryout and filling of the leaching 
tanks was begun. These were filled with water, both before and after 
charging with ore, to test for leaks. By May 1, enough tanks had been 
filled to begin leaching and everything was in readiness except the solu- 
tion and wash-water pumps. The pumps appeared to be out of balance 
and much trouble was experienced in the correction. However, by May 
16, enough had been accomplished to guarantee continuous operation of 
the plant. On May 16, 300,000 gal. of 3 per cent, sulfuric-acid solution 
was made up and pumped on the first charge of ore. This solution was 
circulated through the first charge the first day, through two charges the 
second day, and so on each day, more solution being made up to keep the 
acid concentration at 3 per cent, on the oldest tank. 

Unfamiliarity with the piping, leaky tanks, inability of the mine 
regularly to deliver 5000 T. of ore per day, together with the usual initial 
operating troubles, resulted in the washing and excavation of only three 
tanks during May. These conditions rapidly improved, so that over 75 
per cent, of the required ore was treated during the first year, and nearly 
90 per cent, of the required copper produced in the plant. This was due 
to the fact that the ore mined averaged nearly 0.1 per cent, better than was 
anticipated. During this time tanks were not excavated until a new 
one had been charged and put into circuit, which led to the use of an 
excessive quantity of acid and accomplished little but the fouling of 
the solution with impurities. 

When the solution carried per cent, copper, it was advanced to 
the tank house. By June 1, the electrolytic tanks had been filled and 
deposition begun. The towers were not started simultaneously with 
the tank house and by the time of their introduction into the circuit 
on June 6, the ferric iron had reached 0.7 per cent., the efficiency had 
dropped, and trouble started. 

The first cathodes were drawn on June 15. The solution, clear 
and of low gravity, produced cathodes analyzing 99.85 per cent, copper. 
Later as the solution became foul and the density went up to 1.42, the 
cathodes produced analyzed but 99.1 per cent, copper. The gravity of 
the solution rose very rapidly and discarding of solution became impera- 
tive if the plant was to continue to operate. On July 15, the construc- 
tion of additional cementing launders was decided upon and as fast as 
men and material could be obtained these were built and put into opera- 
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tion. Before these launders could be finished, the conditions reached a 
point where solution had to be discarded irrespective of copper content. 
The solution coming from the launders was run in a pond and a portion 
of the copper content was recovered later by treatment in the launders. 
The first cement copper produced was dissolved in tank-house return 
solution. This was abandoned for the time being and on Aug. 20 the 
first car of cement copper wae shipped to the smelter. 

The original report on the process to be adopted, among other things, 
recommended that a cooling chamber be installed at the entrance of the 
gas to the towers. During August, the efficiency of the towers was falling 
and it was found that a part of the solution coming in contact with the 
hot gases was evaporated to crystallization, thus choking the gas entrance 
to the towers. It was then decided to install a cooling chamber. By 
September, it was realized that the towers lacked reduction capacity and 
two more would have to be built; these were finished and put into opera- 
tion Beb. 16, 1918. The fourth roaster was found necessary when the 
third pair of towers was started. These towers, the cooling chamber, 
the additional launders, and the wood lining in the leaching tanks repre- 
sent the only important changes made. 

It is reasonable to suppose that with a solution of 1.25 density the 
extraction, reduction, and tank-house efficiency would be improved. A 
lighter solution will be a more active lixiviant, the tailings will be more 
easily washed, less slime will be carried to the tank house, and better 
cathodes will be produced. The reduction in pumping and repair costs 
alone might prove to be quite an item. 

In conclusion, while the fundamental reactions are simple the attain- 
ment of the desired results has been more difficult. Small causes are 
apt to bring about big results and, as in case of any purely technical 
operation, the best results can only be secured by the most careful supervi- 
sion. Neither metallurgically nor mechanically is there anything radi- 
cally new in the process except that it has been a commercial success 
from the start. 


Appendix 

In order to increase the value of the paper the following data, which is 
a part of the annual metallurgical statement to Jan. 1, 1919, is appended. 
To give a complete discussion of the noticeable changes is not possible at 
this time. This supplement, however, will be concluded with a short 
discussion of a few of the more important variations. 
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Summary of Results 


Total tons of dry ore charged to leaching plant 

Total number of tanks charged 

Total copper contents, per cent 

Soluble copper contents, per cent 

Insoluble copper (probably present as sulfide), per cent 

Average proportion of ore on 3- mesh screen, per cent 

Average proportion of ore on 4-mesh screen (cumulative), per 

cent 

Average proportion of ore through 20-mesh screen, per cent 

Total number of tanks excavated 

Average moisture in tailings, per cent 

Total copper in tailings, per cent 

Copper in laboratory washed tailings, per cent 

Water soluble copper in tailings, per cent 

Average pounds of water soluble copper per ton of tailings 


Average number of days leached 

Average gallons per minute advance through ore 

Circulation in tank, gallons per minute 

Average specific gravity of neutral advance 

Average free sulfuric acid going on oldest ore, per cent 

Average sulfuric acid in solution coming off newest ore, per cent . 


AVerage gallons per minute through towers 

Total iron in neutral advance to towers, per cent 

Ferric iron in neutral advance to towers, per cent 

Ferric iron in neutral advance from towers, per cent 

Roasters in service 

Average tons of ore roasted per day 

Average sulfur contents of ore, per cent. 

Average sulfur contents of calcines, per cent . . 

Average sulfur dioxide in gas to towers, per cent . . 

Average sulfur dioxide in gas from towers, per cent 
Average sulfur consumed per pound of ferric iron reduced 

Average gallons per minute through tank house 

Average copper contents of solution entering tank house, per 

cent 

Average copper contents of solution leaving tank house, per cent 
Average copper contents removed from solution through tank 

house, per cent 

Average ferric-iron contents of solution entering tank house, per 

cent 

Average ferric-iron contents of solution leaving tank house, per 

cent . . 

Per cent, of theoretical oxidation 

Average current density, amperes per square foot 
Average voltage between anode and cathode 
Average weight per cathode shipped ... 

Number of tanks on cathodes 

Number of tanks on starting sheets . . 

Number of starting sheets made 

Starting sheets scrapped, per cent 

Electrolytic copper shipped, pounds 

Copper per gross a. c. — kw. hr., pounds 

Total acid (60® B. sulfuric acid) charged to plant, tons 

60® B. acid per ton of ore leached, pounds 

60® B. acid per pound of copper dissolved, pounds 

Average per day 60® B., tons 

Average copper dissolved per ton of ore leached, pounds 


1917 

780,211 
156 
1 685 
1.632 

0 053 
27 46 

42.46 
18 88 
146 
11.02 
0.371 
0.270 
0.101 
2.02 

10.6 

1020 

4500 

1 360 
2.80 
0.35 

955 

2.34 

1 09 
0.60 
3.0 

64.2 
42.9 

7 8 
7 63 
2.44 
0.67 

955 

2.96 

2 47 

0.49 

0.60 

1.08 
55 9 
6.20 
1.95 
130.7 
116. 

22.2 

155,543 

11.50 

12,661,215 

0.669 


40,278.60 

103.2 

4.03 

175.10 

2 §. 6 ? 


1918 

1,760,862 

355 

1.465 

1.405 

0.060 

26.75 

43.43 

18.43 
355 

10.73 

0.280 

0.227 

0.053 

1.06 

7.59 

1139 

4500 

1.318 

2 90 
0.42 

1139 
2.36 
0 84 
0.21 

3 9 
71 7 
42.2 

7 6 
8.00 
0 82 
0.46 

1139 

3.12 

2.71 

0.41 

0.21 

0.82 

85.0 

7.26 

1.98 

112.4 

125.5 
26.5 
365,547 

9.56 

31,745,480 

0.697 


63,185.08 

71.2 

2.97 

173.06 

23.95 


To Jan. 1, 
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1.477 

0.058 

27.01 

43.13 
18.63 
501 
10 81 
0.306 
0.239 
0 067 
1.34 
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1095 
4500 
1.333 
2.86 
0 39 

1071 

2 35 

0 93 
0.354 

3 54 
69 6 
42 4 

7 7 
7 85 

1 39 

0 54 

1071 

3 060 
2.621 

0.439 

. 0.354 

0.916 

73.1 
6.91 

1 97 
117.09 
122.3 

25 1 
521,090 
10 2 

44,406,695 


103,463.68 

82.6 

3.37 

173.88 

?4.44 
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Summary of Results — {Continued) 

To J\N. 1, 



1917 

1918 

1919 

Average total copper dissolved, per cent 

77.85 

81.17 

80.06 

Total copper produced as electrolytic, per cent 

79.60 

77.26 

77.93 

Total copper produced as cement, per cent 

20.40 

22.74 

22.07 

Average copper in cathodes, per cent 

99.47 

99.49 

99.48 

Average copper in cement copper, per cent 

68.91 

54.46 

57.23 

Average of all solutions going to cementing launders, gallons per 
minute 

65.0 

131.3 

109.0 

Average of copper per day in all solutions going to launders, 
pounds 

20,563 

33,956 

28,775 

Total copper recovered from solutions to launders, per cent 

82.05 

98.215 

93.03 

Cement copper shipped as 100 per cent- copper, pounds 

3.425,907 

11,382,487 

14.808.394 


The foregoing results show better extraction and better washing for 
1918. The per cent, of soluble copper in the tailings will be further 
reduced by the use of a fifth wash water, which was started on Nov. 9, 
1918. Operating conditions during this last year resulted in nearly 
uniform leaching conditions. TTie local circulation on the ore has been 
varied from time to time but 4500 gal. per min. appeared to give the 
most' satisfactory condition. During the past 3 mo. the free acid in the 
solution going on the oldest ore has been 2.65 per cent, and the extraction 
has been as good as the average. It now appears that it will be possible 
to leach with a much lower acid concentration than at first thought 
necessary. The difference between a 2.65 and a 3.00 per cent, free acid 
means a saving of approximately 50 tons of acid per day. An acid 
balance covering the past year's operation indicates that nearly 68 per 
cent, of the total acid neutralized by the ore was used in dissolving im- 
purities, and 32 per cent, was used in dissolving copper. This state- 
ment also shows that of the total acid neutralized by the ore 49.1 per 
cent, is imported acid, 35.6 per cent, is tower acid, and 15.3 per cent, is 
regenerated tank-house acid. The total 60° B. acid neutralized per ton 
of ore for 1918 is 148.6 pounds. 

During the year a slight warping of the lead anodes was noticed and 
these were removed from tanks and straightened, resulting in a better 
tank-house efficiency. This warping was apparently due to oxidation. 
To keep the solution from fouling it was necessary to send 109.9 gal. 
per min. of solution to the precipitation launders. Of this solution 84.9 
per cent, was from the tank house, 12.0 per cent, was excess wash water, 
2.1 per cent. Ivas tower solution, and 1.0 per cent, was tank-house drainage 
During the year the larger part of the copper solution that had been im- 
pounded in ponds during the previous year was returned to the precipita- 
tion launders and the copper recovered. 

During the past year, the plant has undergone no radical changes or 
alterations. All mechanical equipment, including pumps, piping, and 
lining have proved satisfactory in both design and material. Plans are 
being prepared for a new cementation plant, consisting of twelve circular 
precipitation tanks, classifiers, and filters. This plant is to be spanned 
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by a crane, which will charge the scrap iron to the precipitating tanks. 
This plant is being designed to handle the copper precipitated mechan- 
ically and to thoroughly dry it. 

Problems are constantlj^ arising, the solution of which tends to mate- 
rially simplify operation. These are being investigated in order of their 
importance and furnish a constant source of interest. The past year 
has been considered a successful one by all connected with the work and 
basing our predictions on the experience gained, we predict even better 
results for the year 1919. 


DISCUSSION 

C. A. Rose, New York, N. Y. (written discussion*). — Without 
doubt the excellent results obtained at Ajo will cause surprise among 
metallurgists; 75 per cent, average capacity and 80 per cent, extraction 
during the first year of operation of a plant using a new metallurgical 
process are figures that speak for themselves. 

It is obvious that the most troublesome feature of the process is the 
fouling of solutions. The effects of this are most evident in the electro- 
lytic tank house; but apparently the solutions are so heavily loaded with 
salts that their dissolving power is also impaired. This is indicated by 
the fact that copper comes into solution during washing after the leaching 
of the ore is completed, as shown by the decreasing ratio of acid to copper 
in the various washes tabulated in Table 4, and also by the fact that 4.9 
per cent, of th© total copper in the ore remains in the tailings in a soluble 
form. 

Even though the extraction in leaching and the ampere efficiency in 
electrolysis would be benefited by keeping the salts in solution at a lower 
concentration, it is doubtful whether it would pay to decrease these salts 
by discarding more electrolyte without other changes in the process, 
since this would increase the amount of cement copper produced, which 
is already very large. If, however, it would not disturb the process 
otherwise, this object could be accomphshed by increasing the range 
of electrolysis, so that solution going to the tank house would contain, 
say, 4 per cent, copper and 1 per cent, acid, and the solution returned to 
the leaching plant 1)^ per cent, copper and 4.8 per cent, acid, and by 
increasing the volume of solution to be discarded, this to be taken from 
the electrolyzed solution returned to the leaching plant. By this arrange- 
ment, more salts will be removed from the system per ton of cement cop- 
per produced; and if sufficient solution is discarded to keep the iron content 
down to iH cent, it would be feasible to recover the copper from 
this wasted solution by electrolysis. In order to keep the iron down to 
13 ^ per cent., it would be necessary to discard a volume of solution about 


* Received Feb. 14, 1919. 
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twice as great as at present. This would mean an additional loss of 
25 to 30 tons of acid per day in the wasted solution, but it is very prob- 
able that the increased extraction in the leaching plant and the better 
ampere efficiency in the tank house would more than compensate for 
this loss of acid. 

The average ampere efficiency in the tank house, calculated from the 
average voltage and pounds of copper deposited per kw. hr. given in the 
tabulation, was about 63 per cent. If the iron in the electrolyte is kept 
below cent., there is no doubt that the ampere efficiency in the 

commercial tanks can be increased to more than 80 per cent, and that 
the copper recovered from wasted solution will be deposited out to as 
low as 3^ gm. per liter, with an average current efficiency of at least 
50 per cent. It would also seem advisable to use a higher current den- 
sity, since this would increase the ratio between the copper deposited to 
the copper dissolved from the cathodes by the ferric sulfate in the elec- 
trolyte. 

Apparently 65 per cent, of the oxygen hberated at the anode is taken 
up by the ferrous sulfate in the electrolyte and yet the drop of potential 
between the anode and cathode is 2 volts. It would seem, therefore, that 
very little benefit as a depolarizer is derived from the reduction of the 
solution by SO 2 . 

The advantage of the great amount of circulation in the leaching 
tanks is not apparent unless it be aeration of solutions. Also, it is 
doubtful whether the ferric iron in the solutions has any beneficial effect 
in the leaching operations, since the solution delivered by the leaching 
plant contains more ferric iron than that received from the tank house. 
Perhaps the continued dissolving of copper during washing operations 
is due to the aeration which results when the ore is drained between wash- 
ings. If this is the case, it might pay to drain the ore several times 
during the leaching period. A saving of about 8 per cent, of the power 
generated could probably be made by substituting rotary converters 
for motor-generator sets. 

Stuart Croasdale,* Denver, Colo, (written discussion f). — It is 
very gratifying, on reading the paper of Messrs. Tobelmann and Potter 
giving the results of the first years^ operation of the New Cornelia Copper 
Co., to learn how closely these results check with those obtained at the 
pioneer experimental plant for this ore at Douglas, Ariz., where these 
gentlemen so ably and so faithfully assisted me in blazing the way for 
the plant now in operation at Ajo. A few comparisons are interesting: 
192.4 tons of ure was treated at the Douglas plant, having an average 
content of 1.43 per cent, copper; the copper left in the tailings was 0.32 
per cent. At Ajo 1,345,000 tons of ore was treated during the first year, 


Consulting Engineer. 


t Received Feb. 19, 1919. 
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having an average content of 1.63 per cent, copper; the copper left in 
the tailings was 0.338 per cent. 

Perhaps the most important part of the paper is that dealing with 
the consumption of acid and the fouling of the solutions. In my pre- 
liminary laboratory experiments at Douglas, I varied the strength of the 
acid lixiviant from the amount theoretically necessary to dissolve the 
copper in the ore, up to a 10 per cent, solution. The theoretical amount 
necessary to dissolve the copper in this case happened to be a 3 per cent, 
solution of 100 per cent. H 2 SO 4 . This acid solution, or lixiviant, corre- 
sponds to the acid advance mentioned by Tobelmann and Potter. Before 
precipitating the copper, the excess of acid was neutralized by circulating 
the lixivium through new ore, as is done at Ajo. 

In some of the tests made in the experimental plant at Douglas, the 
acid in the lixiviant was reduced as low as 1.7 per cent, but, in order to 
acquire information as quickly as possible, most of the tests were made 
with a 10 per cent, acid solution and the leaching extended over a period 
of three days, exclusive of washing. My tests with a 10 per cent, acid 
solution gave an average consumption of 3.15 lb. of 100 per cent. H 2 SO 4 
per pound of copper dissolved. My laboratory tests with a 5 per cent, 
acid solution gave an average consumption of 2.5 lb. of acid per pound 
of copper dissolved; while in the experimental plant, the same strength 
of solution gave a result of only 2.0 lb. of acid consumed after a period of 
five to six days leaching, exclusive of washing. In tests made at the 40- 
ton experimental plant at Ajo, the consumption of acid was 2.8 lb. per 
lb. of copper dissolved when a 3 per cent, lixiviant was used, and the 
leaching extended over a period of eight days. 

The first yearns operation of the large plant shows an average con- 
sumption of 2.76 lb. of acid per pound of copper dissolved when using a 
3 per cent, acid lixiviant and extending the leaching period to eight days. 
During the last four months of the year, however, the acid consumption 
was reduced to 2.14 lb. and the leaching period to six or seven days. 
Apparentl}^ the 3 per cent, acid advance has yielded no less acid con- 
sumption than the 5 per cent, solution that I used, while the time of 
leaching has been necessarily extended as a consequence of the weaker 
lixiviant. 

On comparing the analyses of the lixiviums that I obtained, using both 
strong and weak acid solutions, with those obtained during the first 
year’s operation at Ajo, the question arises whether the anticipated 
advantage has been gained in the direction of cleaner lixiviums by using 
the lowest strength acid lixiviant. 

Probably all of the soluble iron in this ore is derived from the oxidized 
pyrite and chalcopyrite. Owing to the climatic conditions of the Ajo 
district, the oxidation of these minerals has left both the physical and 
chemical conditions of the iron in such form as to be quite readily dis- 
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solved in an acid solution of any strength. The iron seems to follow 
the copper rather slowly in relative solubility, but it passes into solution 
with increasing rapidity as the time of leaching is lengthened, even with 
a weak acid solution. 

The soluble alumina is probably derived from the decomposed feld- 
spars that have been kaolinized by ordinary weathering of the rock 
assisted by the acid from the oxidation of the pyrite. The alumina fol- 
lows the iron closely in relative solubility. It also passes into solution 
with increasing rapidity as the time of leaching is lengthened, to a greater 
degree than the iron. 

Of course no leaching is accomplished if the lixiviant is not sufficiently 
acid to overcome the basicity of the ore and a positive disadvantage re- 
sults. Copper is necessarily precipitated in the ore, which has to be 
redissolved by the more acid hxiviants that follow. Basic sulfates of 
iron and aluminum are almost sure to form, which will have a tendency 
to separate out as a slimy fiocculent precipitate in the neutral or weakly 
acid lixiviums. 

It would be interesting to learn if the so-called slimes that have given 
trouble in the SO 2 towers, electrolytic tanks, and scrap-iron launders, are 
not largely basic sulfates of iron and aluminum rather than colloidal slimes 
from the ore. If this can be determined, it might be suggestive in the 
future treatment of the ore. With upward percolation, however, I 
presume the tendency for the colloidal slimes to follow the solutions is 
greater than it would be with downward percolation. 

I have gone into this subject somewhat at length in order to support 
my belief and original recommendation in favor of a stronger acid advance 
and a shorter period of leaching. I do not recommend using the 10 per 
cent, acid lixiviant that I used at Douglas, because that was unnecessarily 
high for the reasons already stated; but with a knowledge of the results 
now at hand, I do believe a 5 per cent, solution can be used advan- 
tageously over the 3 per cent, solution now in use without increasing the 
consumption of acid per pound of copper dissolved. 

The next interesting feature of the year’s work is the resumed effort 
to utilize the iron in the calcines, in the form of sponge iron, as a pre- 
cipitant for copper. As the authors have stated, my investigations along 
this hne at Douglas were brought to a close about the time we had 
learned nearly everything we should not do and before we had been 
able to devise a furnace of commercial value that would effect a com- 
plete reduction of the calcines at a comparatively low temperature. 
This work was taken up later by the Anaconda Copper Co. and sponge 
iron was made in quantity at Anaconda by heating calcines and coal in 
a Bruckner furnace by means of an oil burner. In discussing this sub- 
ject with Mr. Laist a few years ago, he said they found that the reduction 
of the iron oxide to*FeO was accomplished quickly at low temperature; 
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but to complete the reduction to metallic iron required an unexpectedly 
high temperature, which added considerably to the expense, and rince 
they always had suflGlcient scrap iron on hand to meet their precipitation 
requirements they abandoned the reduction of calcines. 

My own investigation, when using this method of reduction, had 
already confirmed the Anaconda results and had led me to seek lines of 
less resistance that would yield metallic iron at lower temperatures, which 
I had good reasons to believe could be obtained. That iron oxide, par- 
ticularly as it occurs in calcines, can be completely reduced to metallic 
iron at temperatures under 1600 ° F., or 900 ° C., has been demonstrated 
by myself as well as other investigators. In common parlance, this is 
a cherry-red heat. There is no difiiculty about the chemical part of the 
process. The problem lies in constructing a commercial furnace that will 
enable one to bring about the chemical reactions when operating con- 
tinuously on a large scale. The conditions of the problem are not 
insolvable. 

F. S. ScHiMERKA,* Clifton, Ariz. (written discussiont). — Messrs. 
Tobelmann and Potter have made a very notable contribution to the 
hydrometallurgy of copper by reveahng with painstaking thoroughness 
the inner workings of the Ajo plant, the development of which has been 
followed with great interest by all whose attention is directed toward 
the wet treatment of oxidized copper ores. We have been treated to a 
metallurgical feast and, as regards the abundance of data furnished, with 
a generosity deserving of high appreciation. 

It cannot be denied that the animosity against the treatment of copper 
ores by wet methods has only lately been overcome. Metallurgists have 
been less outspoken in this animosity than was capital, which hesitated 
to engage in a large-scale project along new and substantially untried 
lines. The practicability of the process required demonstration by lead- 
ers and it has been furnished by the success that has attended large 
enterprise. The frank statement of the authors that neither metallur- 
gically nor mechanically is there anything radically new in the process 
detracts nothing from their achievement, which consists in the surmount- 
ing of very considerable diflGiculties in the way of practical application of 
known principles. 

The two distinct phases of the process are the lixiviation of the copper 
and the deposition of the metal. Of these the last is, in the larger number 
of cases, the crux of the process. The reclamation of the metal from its 
liquors has tried the skill of the metallurgist to no trifling degree. Setting 
aside the method of precipitation by scrap iron, the brutality of which, 
borrowing the expression from a leader, has not interfered with its pop- 
ularity and application as a last resort, the task of the final separation of 

— — — — — "~i 
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the metal with completeness and commercial purity is an operation re- 
quiring skill and circumspection. How far this task has been solved at 
the New Cornelia is shown with commendatory minuteness in the paper 
under discussion. It is difficult to hold the composition of a commercial 
electrolyte within the limitations imposed by the requirements for high 
efficiency in the metal deposition and great care must be taken in its 
preparation. 

It is gratifying to hear of the efficiency of sulfur dioxide as a reducer 
of ferric iron and of the negligible corrosion of hard-lead anodes, because 
predictions as to the impracticability of both have been frequently made. 
The regeneration of acid in the reduction process forms a valuable asset 
and, as regards the question of a serviceable insoluble anode for the 
electrolysis of sulfate liquors, we recognize that the subject has caused 
more agitation than was warranted. 

It must be regretted that electrolysis will not practically lend itself 
to a more complete exhaustion of the copper in the discard liquors. We 
hear that it is doubtful economy to continue electro-deposition in solutions 
containing as much as 1.71 per cent, copper, by which time the ampere 
efficiency has dropped below 50 per cent.; and that precipitation by 
scrap iron is resorted to before this point is reached with the result that a 
good part of the output appears as cement copper. 

The problem of profitable copper deposition, by electrolysis, of low- 
grade solutions is one of absorbing interest in the Southwest, where 
leaching plants will soon become a necessary addition to concentrators 
working up mixed ores. The radical difference between such a supple- 
mentary plant and the conditions existing at Ajo is the great dilution 
of the liquors, which cannot be separated from the leached pulp by 
draining and stage washing but only by dilution and decantation on 
account of the slimy nature of the product t6 be leached. A high concen- 
tration of copper in liquors from a material in which about 60 per cent, 
of the sizes are minus 200 mesh and frequently carry less than 0.5 per cent, 
copper is indeed impossible, if the separation of the liquor must be effected 
by settling and decantation; and the practice of leaching such a product 
by counter-current has as its object rather the economical use of the acid 
than a concentration of the liquor, except as far as an increased extrac- 
tion raises the copper contents in the solution. In connection with this 
subject, it would be of interest to learn whether any progress has been 
made in the designing and application of real practical diaphragms. 
These have been proposed as a means for reducing the power consumption 
in the electrolysis of low-grade solutions. Any data bearing on this 
subject would be highly welcome. As far as I am aware, the difficulty is 
encountered in the creation of a durable diaphragm for solutions whose 
acidity increases with their depletion. If, without a diaphragm, the power 
consumption increases to 3 kw. hr. per pound of metal deposited from 
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solutions containing 0.5 per cent.' of copper, there is but little hope that 
electrolysis will play a great role in the working up of liquors from leaching 
plants that are operated in continuity with the milling process. The 
treatment for recovery of the acid-soluble copper in weathered tailings 
does not come within the frame of my present consideration; they can 
be reclaimed in a comparatively dry state and treated with the advantages 
that result from this condition. Neither do I refer to any so highly 
oxidized material as would today constitute primarily a bad milling ore. 

The high price of scrap iron in many localities, the expense of handling 
it, the high consumption in the precipitation from poor solutions, the large 
launder or tank equipment, and the production of a low-grade cement 
have each contributed in no small measure to bringing this method into 
disrepute. Therefore the positive statement of the authors predicting 
the early possibility of producing sponge iron successfully and at a price 
at which it can enter into favorable competition with scrap, will be 
welcomed by those who are in a position to take advantage of it and have 
themselves experienced the trials of an antiquated method. 

J. W. Richards,* South Bethlehem, Pa. — It should be very com- 
forting to those who are working with insoluble anodes that the anti- 
monial lead anodes, during a period of a year, had practically failed to 
show any marked deterioration, so that, so far as they are concerned, 
the very important problem of the unattackable anode seems to be solved. 
Another point worth attention is the use of the little conical, glazed, 
porcelain insulators to keep the anodes spaced properly away from 
the cathodes, a very simple device that apparently does its work 
satisfactorily. 

Frederick Laist,! Anaconda, Mont, (written discussion J). — All 
who are interested in the treatment of oxidized copper ores by leaching 
have been awaiting the publication of this paper, which comes up to our 
expectations in all respects. Messrs. Tobelmann and Potter are to be 
congratulated upon the excellent way in which they have set forth the 
workings of the process as applied at Ajo. 

Numerous attempts have been made to apply the electrolytic copper 
process but aU have failed, except the installation of the Chile Copper Co., 
at Chuquicamata. Some of these failures were due to insufficient 
financial backing and inadequate ore reserves, which necessitated opera- 
tions on too small a scale to be commercial, and to a lack of understanding 
of the scientific principles on which the success of the process depends. 
Those acquainted with the excellent organization that Dr. Ricketts 
has built up in Arizona felt that, once this process had been decided upon, 

♦Professor of Metallurgy, Lehigh* University. 

t Manager, Reduction Department, Anaconda Copper Mining Co. 
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the successful outcome of the enterprise was a foregone conclusion; but 
few expected the excellent results obtained over so long a period. 

The reduction of ferric solutions by means of sulfur dioxide has 
always been considered difficult, and experiments made by the Research 
Department at Anaconda tended to confirm this opinion. Another 
difficulty that seemed quite serious, and which has been most successfully 
overcome at A jo, is the leaching of a low-grade ore with a solution com- 
paratively high in copper, without, at the same time, leaving too much 
soluble copper entrained in the tailings. This is an important matter 
in view of the impossibility of electrolytically precipitating more than a 
comparatively small percentage of the contained copper during each 
cycle. The successful working out of a leaching process that enables 
good extractions to be made under so comparatively adverse conditions 
was no small part of the problem, and may well have taken more thought, 
study, and ingenuity than the electrolytic precipitation itself. 

The writer had the pleasure, a few weeks ago, of visiting the plant 
and was greatly impressed by the way everything, both metallurgical 
and mechanical, had been foreseen and provided for. Excellent mechan- 
ical construction has had much to do with the smoothness with which 
everything operates. Every metallurgical engineer who has aided in 
the development of new processes knows that the best thought-out 
scheme may fail if the pumping system or the tank construction, or any 
one of the thousand necessary mechanical appliances, is defective. 
One is also struck by the forethought and consideration shown for the 
well-being of the plant operatives. The housing facilities are excellent 
and the civic center is a model of its kind and goes far toward making 
living conditions in the desert more pleasant than people accustomed to 
live in established communities generally realize. 

H. A. Tobelmann and J. A. Potter (authors^ reply to discussion*). — 
Regarding Mr. Rosens discussion, we are of the opinion that the fouling of 
solution does not retard the dissolving power as much as is generally 
supposed. One of the principal objections is the difficulty in washing the 
tailings when leaching with a heavy solution. It has been shown that the 
lighter the solution, the more readily is the reduction with SO2, the less 
the slime carried through the system, the purer the cathode copper 
produced, and the cleaner the tailings. 

The suggestion regarding a higher copper content in tank-house 
electrolyte might prove to be a good one. This would necessitate many 
changes in our pipe lines and additional pumping capacity at the towers 
and could only be done after extensive experimental work along these 
lines. 


♦ Received May 5, 1919. 
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In reducing the copper content from 4 per cent, to per cent, in the 
flow of the solution through the electrolytic tank house, an excessive * 
quantity of ferric iron would be produced and poor tank-house efficiency 
would be the result. This trouble could be partly overcome by circulating 
tank-house electrolyte through the towers. This practice was followed 
for a time, but it was found that the absorption of SO 2 gas was very 
low due to the high acid content of the electrolyte. 

The advantages and the disadvantages of both motor generators and 
rotary convertors were extensively investigated and motor-generator 
sets were decided upon on account of their greater flexibility in obtaining 
the range in voltage considered necessary and maintaining at the same 
time a good average efficiency. 

The suggestion to use a higher current density is good. We are now 
installing an additional motor-generator set, which will permit us to 
carry an average current density of 10 amp. per sq. ft. when necessary. 

After six years of leaching experience, a certain leaching constant has 
been developed. It has been found that in ores of the same average 
copper content and for the same extractions the product of the total 
acid neutralized per ton of ore by the leaching period in days is a con- 
stant. By this we can govern the acid concentration. 

It does not seem practical to us to increase the per cent, free acid in the 
solution going on the oldest ore, as we have definitely proved, other things 
being equal, that the higher the acid the greater is the quantity of im- 
purities dissolved, consequently the more the discard of solution necessary 
and the greater the proportion of cement copper produced. 

During February, this company, with the other copper companies, 
found it necessary to curtail production. This resulted in producing a 
number of unforeseen changes in operation, among which was'that of a 
longer leaching period and operation with a solution of much lower 
gravity. Thus the leaching period time was increased, the acid con- 
centration was correspondingly decreased, and the same average ex- 


traction was obtained. 

The results were as follows : 

Jan. March 

Tons ore leached per day, in tons 5513 3190 

Copper in heads, per cent 1.374 1 . 414 

Ore on 4 mesh, per cent 44.0 43.5 

Copper in tailings excavated, per cent 0.268 0.276 

Total copper dissolved, per cent 80.90 80.50 

Average days of leaching 6.77 10.45 

Average acid going on oldest ore 2.67 1.45 

Average acid in solution coming off ore 0.38 0.36 

Total pounds of 100 per cent. H 2 SO 4 neutralized per 

ton of orQ charged ; 67.4 45.0 

Copper to launders, per cent, of total copper dis- 
solved 24.5 11.1 
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Acid being one of the largest items of expense in this process, its eco- 
nomical use is essential. Aside from the question of cost there is the 
production of cement copper, which under present conditions costs 
considerably more per pound than electrolytic. Thus in our process 
the greatest profit can probably be obtained by the use of the mini- 
mum acid concentration for a maximum time. 
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Geological Conditions 

The Elko Prince mine is in the Gold Circle district, Nevada, about 
miles (2. 4 km.) from the town of Midas, 55 miles (88.5 km.) west of Battle 
Mountain and 50 miles (8.5 km.) northeast of Golconda. The district 
is described by Emmons in U. S. Geological Survey Bulletin 408, 1910. 
Little was said of the Elko Prince, however, as only a small amount of 
work had then been completed. 

The geological structure of the region is simple. The oldest exposed 
formation, covering most of the area, is rhyolite, which has a light- 
colored devitrified groundmass enclosing phenocrySts of feldspar, quartz, 
and magnetite. It has been somewhat weathered and partially stained 
with oxide of iron. There are several outcrops of andesite which cut the 
rhyolite. The ore deposits occur as fissure veins, replacement veins, and 
sheeted zones. The Elko Prince vein is of the first type. The rhyolite 
near the veins is silicified, stained with oxide of iron, and, at some locali- 
ties, replaced by ore, or is so permeated by metals as to be classed as ore. 
The vein fillin g consists chiefly of quartz, and the values consist entirely 
of gold and silver. Part of the gold exists as the native metal and part is 
associated with pyrite. Silver occurs free and as argentite in banded 
streaks through the vein. These veins trend in a northwesterly direction, 
with dips varying from 65° to vertical. • 

Development op Elko Prince Property 

Gold was discovered in the district in the Fall of 1907, and a charac- 

stic rush followed. The town of Midas was laid out and shortly had 


♦ President, The Dorr Co. 
t General Superintendent, Elko Prince Mine. 
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2000 inhabitants. Several small mills were built, one of which, the Rex, 
ran several years. After the first excitement, the people drifted away 
rapidly^ and at present only about 150 remain. The Elko Prince claims 
were located in 1907 by Paul Ehlers, a prospector, and 10 claims were 
patented in 1913 after considerable development work had been done. 
The property was purchased in 1908 by the Elko Prince Mining Co., 
L. L. Savage, President, and was extensively developed between 1911 
and 1915. 

The outcrop of the Prince vein is insignificant, only a narrow seam of 
low-grade quartz, or an obscure fissure containing no quartz or metals. 
The first work on the property was a 60-ft. (18-m.) shaft sunk on the crop- 
ping. A narrow seam of minerahzed quartz was followed, but nothing of 
importance was found; then a 240-ft. f73-m.) drift on the vein gave 
similar results. Later, a 700-ft. (213-m.) crosscut reached the vein 270 ft. 
(82 m.) below surface, and cut an ore shoot almost in the center. Subse- 
quent work developed a vein having an average width of 14 to 15 in. 
(35.5 to 38 cm.), a total tonnage of 30,000, and a gross value of 
approximately $1,000,000, the limits of the orebody being quite well 
defined. 

In June, 1915, the Elko Prince Mining Co. made an agreement with 
the Dorr Co., whereby the latter was to design, finance and build a cyanide 
mill of at least 40 tons daily capacity, furnish additional mine equipment, 
and operate the property until certain financial results had been attained. 
Milling was begun in November, 1915, and the original terms were 
completed in June, 1917, but the Dorr Co., operating through the Elko 
Prince Leasing Co., has continued in charge of the property to the present 
time. 

Prince Vein 

The Prince vein has a uniform northwest-southeast strike and a dip 
varying from vertical to 85° to the northeast. One horizontal fault of 
a few feet occurs in the 1400 ft. (426 m.) of development on the property, 
and a second, of much greater extent, probably occurs just beyond the 
south end line. 

The vein filling is hard but brittle quartz, with a very small amount of 
sulfides. Partial oxidation extends from the surface to the deepest 
openings. Manganese in oxidized form is found in spots. No enrich- 
ments due to leaching and redeposition have been observed, except as to 
a small portion of the silver. The gold is mainly free but very fine; about 
50 per cent, can be amalgamated. Thin flakes of native silver are found 
in the footwall and penetrate its seams in places to a depth of an inch. 
The silver exists chiefly as argentite and polybasite, giving the quartz the 
characteristic banded appearance that usually accompanies the presence 
of these minerals. 
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A characteristic analysis of the ore is: 



Per Cent. 

SiO, 

85.0 

AI 2 O 3 

2.0 

Fe 

3.0 

CaO 

4.0 


Per Cent. 


S 0 1 

As 0.1 

Sb 0.1 

Mn Trace 


Per Cent. 


Ignition loss 2.0 

Cu 0.0 

Au (oz. per ton) ... 0.7 

Ag (oz. per ton) ... 10.0 


A second vein, the June Bell, is parallel to the Prince, and lies a short 
distance to the west. It is of the same type but much smaller, and gives 
promise of producing but little metal. 

The development of the Prince vein at the time milling began is 
shown in Fig. 1, the dotted lines indicating the extent of ore estimated 


VrftT/c/tt fttOk/ecTiojf er T//irtLjroBtMCt 



Fig. 1. — Development of the Elko Prince vein, June, 1915. 


as profitable. Above the 300-ft. (91-m.) or main level, mining has con- 
firmed the accuracy of the estimate. Below the 300-ft. level, the orebody 
has been proved to extend slightly further to the north, considerably 
further to the south, and some little ore has been found below the 600-ft. 
level. 

Mining Practice 
Sloping 

The following conditions influence the method of mining. The vein 
is almost vertical; its average width is 15 in. (38 cm.), seldom less than 12 
or more than 24 in. thick; the west wall is smooth, hard, and firm, with 
quartz sometimes frozen to it; the east wall is less well defined, decomposi- 
tion having extended into it to a depth of a few inches to two or three 
feet; a sliding movement has occurred in the east side of the vein, and at 
some points a considerable amount of gouge is found, containing pieces 
of vein matter. 
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When planning a method of mining, stripping (resuing) was consid- 
ered, the idea being to mine the east wall as narrow as possible, use it for 
filling, break the ore away from the west wall, and run it all out. The 
vein, however, was too brittle in many places to permit this; all of the 
quartz in the gouge would have been lost, as well as much of the vein 
proper. The advantages of this method — the small amount of high- 
grade ore to be milled, and the smaller plant to be erected — were more 



Fig. 2. — A stope between the 450 and 600-ft. level. 

than offset by the greater cost of mining and the inevitable losses. Stop- 
ing the ore with some waste, as little as possible, required a plant of 25 
to 50 per cent, greater capacity, and involved a small increase in power 
and supplies consumed, but this method permitted the recovery of all 
of the ore, and it was thought that the increased milling expenses would 
be less than the loss by any selective method of mining. 

Overhead stoping was adopted, enough ore being drawn daily to 
maintain proper working room above the broken ore. No sorting was 
attempted in the stopes. In spite of the fact that the stopes were almost 

VOL. LX. 6. 
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vertical, and that one wall was hard and smooth, the ore would occasion- 
ally hang and cause trouble. After a time, it was found that if a little 
ore was drawn daily from every shoot, and the broken ore was not per- 
mitted to remain at rest for a whole day, it would remain loose enough to 
run freely. 

Predictions as to the most eflScient stoping width ranged from 30 
in. to 48 in. (76 to 121 cm.); it has been found possible and practicable to 
maintain an average stope width of 32 in. throughout the mine. Above 
the 300-ft. level, the average was 28 in.; in many places, the miners broke 
only 20 in., but the ore would not draw freely through such narrow 
stopes. Fig. 2 shows a typical stope, with good walls. 

At the north end of the shoot, where the ground was quite dry, the 
stope was carried from the; 600 right through to the 300 level. At the 
south end, where rather wet, an intermediate level at 450 was found 
advisable. 


Drilling 

Five 16 V Waughs, supplied with 13-^-in. (28.6-mm.) cruciform 
steel, are used in stoping. Drifting and sinking are done with Waugh 
clipper drills using %-in. (22.2-mm.) hollow steel. A pressure of 85 lb. 
of air is maintained at the drills. 

Contract Stoping 

Mining was first done on straight day’s pay ; but, within a few months, a 
bonus system was adopted whereby a premium, increasing with each 5 ft. 
(1.5 m.), was paid on all footage drilled in excess of 50 ft. per day. Before 
initiating that system a careful record was kept of the work of each man 
for two months, in order to secure a basis for a just bonus. It was under- 
stood that no change in unit prices would be made thereafter, regardless 
of the amount that might be earned. It is most important for the success 
of any bonus system that the men shall recognize that the whole saving, 
as compared with day’s labor, is to be divided with them, and that the sys- 
tem is not to be designed for the purpose of reducing them to the standard 
wages of the camp. It was found that some men, on contract, would 
break twice as much ground as when on day’s pay. There was some 
tendency to place holes too close together if the ground was easy for 
drilling. Straight contracting was finally adopted, based on the square 
foot of vein area broken; the contractors are obliged to keep the walls 
free from ore and maintain the stopes within hmits designated by the 
foremen. The company furnishes the powder and the men do the shoot- 
ing. The usual price in such contracts is from 12 to 15 c. per square foot, 
at which rate the men make from 25 to 75 per cent, more than day’s 
pay. 
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Loading and Tramming 

The chutes on each level are spaced about 27 ft. (8 m.) apart, and are 
equipped with the gate shown in Fig. 3. By having the gate boards ex- 
tend across the end of the chute, they can be knocked open at either side, 
without binding. 



Fig. 3. — An ore chute. 


The mine cars are 30-cu. ft. (0.85 cu. m.), Truax side-dump cars 
weighing 1100 lb. One man and a horse readily handle 60 tons a day 
with an average haul of 1100ft. (335.28m.), using a five-car train from the 
300-ft. drift to the mill bins. Hand tramming is done on the lower levels, 
two men handling the full tonnage. 

Hoisting 

The selection of hoisting equipment was determined by the following 
considerations : 

1. The shaft followed the changing dip of the vein, making rapid 
hoisting dangerous. 

2. It was expected that, with the size of engine available for the power 
plant, this would be fully loaded, making a high load factor im- 
perative. 

3. With the small tonnage, the saving of a single man meant a large 
cut in the cost per ton. 

A Denver Engineering Works’ double-drum electric hoist, with coun- 
terweight, was selected. It is driven by a 10-hp., 550-volt, d.-c. motor, 
and has a hoisting speed of 150 ft. per minute. The complete cycle takes 
5 min. from the 600-ft. to the 300-ft. level. The self-dumping skip 
weighs 1200 lb., and has a capacity of 35 cu. ft. The trammers dump 
their cars directly into the skip through a chute. 
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Timbering 

When the mill started, the need of ore required drawing faster than 
shrinkage stoping allowed, and the miners were obliged to work on stulls. 
Trench jacks were found advantageous for this purpose, as they could be 
removed before shooting and put back into place much quicker than stulls. 
The main timbering now consists of chutes, manways, and stulls in the 
stopes as the ore is drawn. The wet, sticky nature of the ore in the nar- 
row stopes causes the ore to pull nearly vertical over the chutes, and thus 
requires close stulling, but light pieces, such as 3 by 4’s or 4 by 6’s, are 
suflBicient in most places. Very little timbering is required in the 
drifts. 


Cost of Mining 

Mining costs for 1917 are given in Table 1, covering a total of 
21,674 tons, or 59.4 tons per day. The costs do not include prospecting 
for additional orebodies. 


Table 1 . — Mining Costs per Ton for 1917 


Timbering and chutes $0.5588 

Blacksmith 0 0995 

Stoping 0 . 8083 

Tramming 0 . 2822 

Hoisting 0.1956 

Air 0.1288 

Powder, caps, and fuses 0 . 4452 

Repairs 0 0486 

Drill steel 0 0570 

Miscellaneous 0 . 4987 


Total $3 1227 


Note: Miscellaneous includes local supervision, assaying, insurance, taxes, and 
sundry miscellaneous items. 


Milling Practice 
General Design 

The financial arrangements allowed the mill to be designed so that 
when the orebody already developed had been worked out and the plant 
scrapped, the greatest net profit would have been made. The treatment 
of 50 tons of sorted ore daily promised a life of about 33^^ years, with 
the chance of an extension by finding other orebodies or obtaining custom 
ore. 

Labor was scarce in the district, and, although there was no labor 
union, the Tonopah scale of $4 minimum for 8 hr. had been paid. 

Redhouse, on the Western Pacific, the nearest freight station, is 34 
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miles away, and hauling by wagon costs from $13.50 to $15 per ton. 
The road from Redhouse to Midas is a good desert road, with a large 
increase in grade in the last 5 miles. The chance of heavy snow at the 
upper end in Winter, and the certainty of very heavy hauling in Spring, 
make it essential to stock up by December to run until May. Hauling 
by team has proved more satisfactory than by motor truck. Oil storage 
of 22,000 gal. was provided at the mill. No electric power was available. 

Although the ore is a hard quartz, a variable quantity of very slow- 
settling gouge occurs with it, so that it was necessary to provide a large 
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Fig. 4. 


settling area per ton. The treatment, shown in Figs. 4 and 5, fol- 
lows the standardized lines of ball-mill crushing and fine grinding, with 
counter- current decantation and zinc-dust precipitation. As this pulp 
cannot be thickened to less than 60 to 65 per cent, moisture, a dewatering 
filter is used to enable the tailings to be conveniently handled, and to 
reduce mechanical losses of cyanide and metal.. 

Fig. 6 shows a plan of the mill, with many of the details omitted, but 
with flooring and runway elevations indicated; Fig. 7 shows one elevation. 
It will be noted that the working floors are nearly at one level, and that 
the machines requiring close attention, such as the Diesel engine, the 
filter, etc., are grouped near the center of the main building, where they 
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can be under observation from any point where the operator must work. 
This arrangement, feasible only in a small plant, enables one man to keep 
general watch over the whole operation of fine grinding and cyaniding, as 
well as the power plant for mine and mill; so that, while two men are used 
on the two night shifts as a matter of precaution, the mill man frequently 
sends his helper to the crusher room ^or a few hours, when short of ore. 
When not so required, the shift men do a good deal of repairing, and pre- 
pare the samples for the assayer. 

The relative elevations of the fine-grinding and cyaniding departments 
are of interest. If the objection frequently urged to the elevation of pulp 
had been considered, and a gravity flow from the classifier to the first 
thickener had been attempted, the cost of the excavations and the build- 
ing would have been much greater, the convenience of operating dimin- 



ished, and additional pumping of clear solution would have been needed. 
We consider a well designed wet elevator to be at least as efficient as a 
pump. 

Except this one elevation of combined ore and solution, it will be 
noted that in all elevations some other necessary purpose is accomplished 
as well. For instance, the diaphragm pumps, transferring the thick 
pulp, also feerve to regulate its discharge; and the clarifying-filter and 
precipitation-press pumps serve to elevate the solution to the last and 
highest thickener, from which it flows through the others and through 
the grinding system back to the elevator. 

The use of the closed-type Dorr tray thickener (Fig. 9) with the flow 
in series, makes each tank do the work of two, and cuts the necessary 
settling-floor space in half. The advantage of saving mill space in this 
case is unusually important as coal costs $26 per ton and the waste 
heat from the oil engine is entirely relied on to heat the mill. 
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Normal operation requires only one storage tank (the gold tank) for 
solutions, as No. 3 thickener serves as a mill-solution supply tank, and 
the barren solution flows directly to No. 4 thickener. There should be, 
however, a sump or reserve tank large enough to take the contents 
of a thickener, to avoid possible loss of solution in case of an accident; 
such a tank could be outside the mill. 

Coarse Crushing 

Two 10 by 12-ft. (3 by 3.6 m.) receiving bins, with 50° bottoms lined 
with No. 10 steel, hold 30 tons of ore each. No. 1, located only 60 ft. 
(18 m.) from the mouth of the tunnel, is covered with a grizzly made of 
30-lb. rail, with 7-in. (177.8 mm.) spacing. It has a 24-in. (60.9 cm.) Link- 
belt feeder discharging to a shaking grizzly. The undersize goes to the 
elevator by belt conveyor; the oversize goes to an 8 ft. by 30-in. Jeffrey 
steel-pan picking belt, traveling 3 ft. per min., then to a No. 4 Telsmith 
gyratory crusher. From 5 to 10 tons of $2 waste per day is sorted out. 
No. 2 bin, used for custom ore, discharges directly into the crusher. The 
crusher has given good service; the chilled-iron mantle lasted two years, 
and the concaves are still good. We believe that the installation of this 
more expensive crusher equipment, which is standard for large mills, 
is well worth while even at a small mine, on account of the saving of labor 
and the uniform crusher feed; one man usually crushes and sorts the whole 
tonnage. The Gates dry elevator, at 55° slope and belt speed of 120 ft. 
(36.5 m.) per min., has been very satisfactory on the wet, sticky ore of 
the mine. 

A Vezin sampler, with intermediate crushing to 3^^ in. (6.35 mm.) 
through a Samson crusher, after the first cut, is used on custom ore and 
to check feeder samples on company ore. It cuts out 3^^, J'fo? and 3^f o* 

The crushed-ore bin is a 15 by 15-ft. (4.57 by 4.57 m.) steel cylinder 
on a wood platform, having an 18-in. (45.72 cm.) center discharge to a 
Challenge feeder, which delivers to a 12-in. belt conveyor leading to the 
Marcy mill. An opening in the side of the bin, at the bottom, about 
3 ft. high and 30-in. wide, and extending like a tunnel about 4 ft. toward 
the center so that no ore will flow out, allows access to the inside of the 
bin for loosening sticky ore. 


Fine Crushing 

The Marcy mill discharges to a Dorr classifier in closed circuit with a 
tube-mill, the classifier sands being returned to the tube-mill by a screw 
conveyor. The solution overflowing No. 2 thickener is divided between 
the Marcy mill, the classifier, and the tube-mill. For satisfactory ex- 
traction a product containing not more than 1 per cent, coarser than 100 
mesh, and at least 78 per cent, finer than 200 mesh is required. 
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Table 2. — Fine-crushing Data 


Marcy mill 
Size, No. 44 
Speed, 36 r.p.m. 

BaUload, 2200 lb. 

Size of balls, 4 to 5 in. 

Maximum size of feed, 2 in. 
Maximum size of discharge, in. 
Rate of crushing, 54 tons per day 
Power, estimated, 25 to 35 hp. 
Water in feed, 39.4% 

Liners, manganese steel 
Grates, chrome steel 


Tube-mill 

Maker, Denver Eng. Works 
Size, 5 by 14 ft. 

Speed, 23 r.p.m. 

Pebble load, 14,000 lb. 

Size of pebbles (Danish flint), 4 in. 
Rate of crushing, 133 tons per day 
Power, estimated, 35 hp. 

Water in feed, 35. 1 % 

Scoop feeder, 30 in. radius 
Liners, Komata 


Dorr classifier 


Model Duplex 

Size, 18 ft. 8 in. long by 4 ft. 6 in. wide 

Slope, 2 in. per foot 

Spe^d of rakes, 14 strokes per min. 

Depth of tank at overflow, 21 in. 

Water in discharged sand, 34.3 % 

Water in overflow, 8.6 parts to 1 part solids 


Screen Tests 


Mesh 

Marcy Mill 
Discharge 

Tube-mill 

Discharge 

Classifier 

Feed 

Classifier 

Discharge 

Classifier 

Overflow 

\ 

% 

Cum. % 

% 

Cum. % 

% 

Cum. % 

% 

Cum. % 

% 

Cum. % 


15 5 

15 5 



7.4 

7.4 

9 1 

9.1 



10- 20 

17.0 

32.5 

0 2 

0.2 

9 4 

16.8 

7.9 

17.0 



20- 65 

28.1 

60.6 

9.1 

9.3 

17.7 

34.5 

26 8 

43.8 



65-100 

5.9 

66.5 

15.6 

24.9 

12 0 

46.5 

19.4 

63.2 

1.0 

1.0 

100-150 

7.0 

73.5 

26.6 

51.5 

16.2 

62.7 

23.5 

86.7 

4.1 

5.1 

150-200 

4.4 

77.9 

13.6 

65.1 

8.9 

71.6 

8.5 

95.2 

13.4 

18.5 

Below 





• 






200 

22.1 

100.0 I 

34.9 

100.0 

28.4 

100.0 

4.8 

100.0 

81.5 

100.0 


100.0 


100.0 

[ 


100.0 


100.0 


100.0 



Costs, Cents per Ton 
Marcy mill 


Balls (1.131b.) 9.59 

Liners 6.03 

Repairs 4.16 

Classifier 

Repairs 0.03 

' , Tube-mill 

Pebbles (3.501b.) 6.84 

lineiB 1.52 
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The Marcy mill (one of the earliest types) as first installed had an 
open scoop feed and iron-lined wooden scoop box, but this has been re- 
placed by a self-contained scoop with end feed, which gives much better 
results. Cast-iron feed and center liners were unsatisfactory, and the 
mill is at present equipped with manganese-steel liners and a chrome-steel 
grate. 

The tube-mill is equipped with Komata shell liners composed of 
manganese-steel angle bars and cast-iron filler bars and plates; the end 
liners are cast iron. The operation of the mill has been entirely satis- 
factory in every way, and the cut gears give excellent service. The life 
of the liners is about 18 months; the end liners^ last about one year. 

No repairs have been required for the classifier, except the renewal 
of the screw conveyor flights, which last six months. 

Wet Elevator 

This is a standard elevator composed of 14-in. (35.56 cm.) 7-ply 
rubber belt, and runs at 380 ft. (115.8 m.) per min.; 12 by 6-in. Salem 
buckets, of No. 14 steel, are spaced 12 in. center to center. The boot is 
concrete, and large enough to retain the contents of the buckets in case 
of a spill. The lower journals are one-half bearings, mounted in the 
boot but outside the housing; they are maintained at constant tension by 
a counterweight, and are hinged on a shaft at the back of the elevator. 
The oil-soaked hardwood blocks last 8 months. This boot is a design 
developed by N. Cunningham at the Hollinger mill, and is most satis- 
factory. Slipping of the belt developed as it wore, and was eliminated 
entirely by attaching six steel strips by %2 in. (12.7 by 2.38 mm.) 
across the face of the head pulley; the strips do not injure the belt, and 
probably will increase its life by preventing slippage. The first belt 
lasted two years, and the life of the buckets working on this fine pulp is 
indefinite, as the tendency to coat with lime balances the wear. 

Tray Thickeners 

The closed-type Dorr tray thickener is ghown diagrammatically in 
Fig. 9. Wooden tanks 26 ft. (7.9 m.) diameter by 16 ft. (4.8 m.) stave are 
used and the trays are of wood, following the earlier practice. In this 
type the tray divides the tank into two separate compartments, with no 
circulation or leakage of pulp between them, the central shaft being suit- 
ably packed where it passes through the tray. Both compartments are 
fed, discharged, and overflowed independently, and thus two distinct 
operations are carried on at once. For instance, in the top compartment 
of No. 1 primary thickening takes place; while in the bottom, a thickening 
of the agitated pulp after a second dilution is accomplished. 
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Some trouble was experienced with the formation of islands^' in 
the thickeners. These are aggregations of solid pulp that build up on the 
arms, gradually bridging them until they extend a large way into the 
tank. They can readily be broken up in a standard thickener, but, as 



Fig. 6. — Plan of the mill, listing the elevations. 


the space below the tray is not accessible, the trouble was overcome by 
reversing the direction of the thickener for a few. minutes each day. At 
Aurora, Nev., the same trouble was overcome by raising and lowering 
th§ mechanism 8~in. each day. 
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Diaphragm Pumps 

Two duplex, 4-in. center-valve pumps take the discharge from the 
thickeners. They have an adjustable stroke and make 50 strokes per 
minute. Very close adjustment is made by admitting air to the suction. 
The diaphragms last from 4 to s6 months. 

Agitation 

Three standard Dorr agitators are used in wood tanks 18-ft. diameter 
by 16 ft. high. Each gives 24 hours^ agitation with normal tonnage 
and dilution. They operate at 3 r.p.m., and only enough air circula- 
tion to prevent segregation is needed. Drag chains on the distributing 



launders prevent building up of solids on the tank sides. A 9 by 6-in., 
100-cu. ft., low-pressure, Ingersoll-Rand, Rogler type compressor supplies 
air for the three agitators, the solution meter, and for discharging the 
Oliver filter. 

Filtration 

An Oliver filter, ll3^-ft. diameter, 10-ft. face, is used for final washing 
and dewatering. It makes a revolution in 8 min., and a 14-in. vacuum, 
maintained by a dry vacuum pump, gives a Ke-in. (11.11-mm.) cake. 
The pulp is fed to the filter near the bottom of the tank, maintaining a 
zone of clear barren solution above the pulp, which assists in washing. 
Barren solution wash is used on the rising side, and water on the descend- 
ing. The cost for repairs has averaged 3.52 c. per ton. • 
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Soluiion of Metals 

The mill-feed assays from 0.6 to 1 oz. Au, and from 7 to 14 oz. Ag 
per ton. Figures for March, 1918, taken as typical, show that, on the 
basis of bullion plus tailings, there was an extraction of 97.5 per cent, of 
the gold and 87.1 per cent, of the silver. These figures are representa- 
tive of results obtained on Elko Prince ore; but, in the treatment of 
custom ore, variations in extraction and chemical consumption are large. 
Table 3 shows the distribution of the extraction among the different 
units in the process. The figures were obtained by sampling over a 
period long enough to eliminate individual errors. 


Table 3. — Extraction, Per Cent. 


Unit 

Gold 

Silver 

Tube-mill 

80.0 

48.3 

Thickener No. 1 

3.5 

8.2 

Agitator No. 1 

9.0 

22.2 

Agitator No. 2 

2.0 

3.1 

Thickener No. 2 

0.7 

0.8 

Agitator No. 3 

0.8 

3.0 

Thickener No. 3 

0.6 

0.2 

Thickener No. 4 

0.3 

0.5 

Oliver Filter 

0.6 

0.8 


Total 97.5 87,1 

The benefit from change of solution is more evident on the silver than 
on the gold; the silver also shows the effect of contact with a solution 
diluted by the fresh water added at the filter. It has been a common 
experience, both in sand leaching and filtration, that when the commer- 
cial extraction has been obtained, and a final displacement water wash is 
added, a further amount of metal dissolves just when it cannot be eco- 
nomically recovered. The use of excessive wash water, and its precipi- 
tation before wasting, reduce this loss. 

Silver at $1, instead of 50 c. per ounce, as when the mill was buUt, 
requires a careful study of the chance for increasing extraction, but capital 
expenditures now are necessarily curtailed by the high cost of equipment 
and by the limited amount of ore remaining in the mine. An additional 
tray thickener would give a slight increase ih solution and a decrease in 
dissolved loss. The solutions now are heated only by waste heat, but it is 
possible that direct heat, in spite of its cost, would be profitable. Lead 
acetate was used first, but was replaced by litharge with equal results and 
lower cost; about 1.5 lb. per ton of ore gives the most economical 
results. Working tests have not indicated that finer crushing or longer 
agitation would be profitable. 

The dissolved loss depends on the grade of the ore and the efficiency 
of precipitation. While the barren solution can be maintained at 4 c. or 
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less, the loss is below 8 c. per ton (Ag at'$l); but, if precipitation gives 
trouble and the barren solution goes to 4 to 8 c.,the loss jumps to 8 to 15 c. 

Cyanide is added to the tube-mill feed, the strength being maintained 
at 2.3 lb. NaCy per ton of solution; the strength in the agitators is 
2 lb. NaCy. The mechanical loss of cyanide is about 0.6 lb., and the 
chemical consumption about 0.5 lb. per ton of ore. Lime is maintained 
at about 0.6 lb. per ton of solution in the tube-mill and about 0.4 lb. per 
ton of solution in the agitators. 



Fig. 8. — View of the Elko Prince property. 


The consumption of materials is tabulated in Table 4. It has recently 
been found possible to reduce the lime, and profitable to increase the 
litharge. 


Table 4. — Consumption of Reugents, Pebbles j and Balls in 1917 

Lb. pep Ton Cost per Ton 


OF Ore of Ore 

Sodium cyanide 1.10 $0 , 2866 

Lime 11.71 0.2152 

Pebbles 3.50 0 . 0684 

Balls 1 13 0.0959 

Zinc 1 08 0.2093 

Litharge 0.44 0.0598 
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• Clarifying 

The overflow from thickener No. 1 goes to the clarifying filter, which 
is in a 3-in. (76-mm.) redwood tank, 10-ft. (3-m.) diameter by 10 ft. 
high. Across the top of this tank a 3-in. header carries connections for 
24 filter leaves, only 18 of which are in use. Each is 53-^ by 4 ft. and 
made with 12-oz. canvas. The leaves are connected to the header by 
short lengths of 3^^-in. iron pipe, hose and Butters quick opening 

clamps. A Gould 7 by 6-in. Challenge pump draws the solution through 
the filter and discharges it into the gold tank. 

Precipitation 

The amount of solution precipitated daily is 280 tons as measured 
with a Tanner meter; pregnant solution assays from $3 to $5 per ton, and 
the barren solution from 2 to 6 c. A Merrill precipitation press with 14 
frames, 52 by 3 in., is used with a Merrill zinc-dust feeder, and operated 
by a Deming triplex pump. 



Fig. 9. — Diagrammatic drawing op Dorr closed-type tray thickener. 

(Patented.) 


Both Merrilite and Colorado zinc dust have beeh used, and it 
appears that, under the Elko Prince conditions and costs, the latter 
is more economical. The cost for zinc dust during 1917 was $0.2093 per 
ton of ore milled, or approximately $0.04 per ton of solution precipitated; 
the actual consumption of zinc dust was about 0.212 lb. per ton of solu- 
tion, precipitated, or 0.12 lb. per ounce of bullion produced. The Crowe 
vacuum precipitation equipment, controlled by the Merrill Metallurgical 
Co., has recently been installed and the results of the first 2 months 
show a saving in zinc dust of about 50 per cent. 

Refining 

The press is cleaned up once or twice a month. Acid treatment is 
unnecessary, as the dry precipitate contains 75 to 85 per cent, gold and 
silver and gives a bar 950 fine. Drying to 15 per cent, moisture is done 
in an oven heated by the exhaust gases of the Diesel engine. A press, 
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made by the Illinois Supply & Construction Co., forms the product into 
briquets of 3 in. diameter and weighing 2 lb. each, at the rate of 12 per 
minute. 

Melting is done in a Duplex Monarch tilting furnace with Lindsey 
burners. The flux contains 12 of nitre, 8 of borax, and 4 of silica, and the 
usual cleanup handles 2000 lb. of briquets, yielding 1500 lb. of bulHon. 

Heating 

The mill is heated entirely by radiation from the engine and solutions, 
and can be maintained at a comfortable temperature through zero 
weather. The barren solution is heated by passing through a Williams 
Tool Co. heater, connected to the engine exhaust, on its way to thickener 
No. 4. Additional heat is obtained by circulating the engine and com- 
pressor jacket water through the gold tank, and by using water at 90® F. 
from the Diesel engine and compressor for replacement water in the filter. 
This maintains a temperature of 75 to 85® F. during treatment, at no cost. 

Water Supply 

Water is pumped from a well below the town of Midas, a distance of 
11,000 ft. with a lift of 700 ft. A crude-oil engine w;as first installed, 
but it required so much attention that it was replaced with a 10-hp. 
motor; the water pipe is used as the return electrical circuit. 

Cost of Milling 

Some of the milling costs for 1917 have been given before. A com- 
plete statement is shown in Table 5. 


Table 5 . — Cost per Ton for Milling 20,087 Tons in 1917 



Repairs 

Operating 



Material 

Labor 

Supplies 

Labor 


riniRhing fl.nd Sorting 

0.011 

0.029 

0.010 

0.142 

$0,192 

0.766 

0 771 

Grinding and cyaniding 

Ghp.mip.fl.ls 

0.177 

0.112 

0.172 

0.771 

0.305 

Power (a) 

0.040 

0.038 

0.355 

0.090 

0.523 

Water 

0.037 

0.015 

0.052 

Assaying anH sampling 



0.027 

0.093 

0.120 

Ofi&ce and supt. 



0.040 

0.150 

0.190 

Insurance and t.a.ves 



0.113 

Refilling 



0.045 

0.025 

0.070 

Miscellaneous operating 

i 


0.020 

1 

0.035 

0.055 

Miscellaneens repairs . . 

1 0.031 

0.139 

0.170 



Totals 

0.259 

0.318 

1.477 

0.855 

$3,022 



(a) The charge for power includes fuel and lubricating oils, one-half the time of 
millman, and all repair labor and materials. It is allocated to milling, water, mine air, 
hoisting, and mine development, according to estimated power distribution. 
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PowEB Plant 

As electric power was not available, and coal was too expensive, an oil 
engine was the only motive power considered. A 150-hp. Fairbanks- 
Morse engine on the property might have furnished a large part of the 
power needed ; but, as fuel oil cost 12 c. per gal. delivered, and the rated 
consumption of the engine was double that of a Diesel, the initial saving 
would have been lost in operating. 

The choice finally lay between an Allis-Chahners Diesel and a De 
la Vergne semi-Diesel; the Diesel was selected. While both are excellent 
engines, one point of comparison between the two may interest possible 
users. The Diesel feeds the charge of oil, against no pressure, into a cup 
from which it is atomized by 700 lb. air, while the semi-Diesel sprays a 
mixture of oil and air, against heavy pressure, into the cylinder. It has 
proved possible to keep a valve tight, discharging air alone under high 
pressure, for 6 to 12 months; whereas, when spraying a mixture of air and 
oil, the makers only claim that the valve should remain tight a month, and 
our experience at another plant showed that, on account of loss of effi- 
ciency when they begin to leak, it is advisable to regrind valves every 7 
to 10 days. 

First cost, economy of attention, and saving of waste heat suggested 
one unit for mine and mill, with a small gasoline engine for circulation of 
the pulp in case of a shutdown. The mill plan shows the main line shaft 
driving all the heavy equipment, including the tube-mill, Marcy mill, 
mine compressor, crusher, hoisting dynamo, and the dry vacuum pump 
for the Oliver filter. A parallel countershaft drives, through a bevelled 
gear, the slow-speed line shaft for the thickeners, classifier, agitators, dia- 
phragm pumps, elevator, etc. 

The engine has a rating of 180 hp. at sea level, or 145 hp. at the alti- 
tude of the mill. It has two 12 by 24-in. cylinders, and requires about 170 
gal. of 24° B4. oil per day. Ample lubrication has been found essential. 
The oil filter furnished with the engine was replaced by a De la Vergne oil 
reclaimer which has given much better satisfaction, entirely eliminating 
the free carbon in the oil, so that twice the amount is fed to the bearings, 
with less consumption. 

It was found that the best temperature for the circulating water in the 
engine cylinders was 110° F. This proved entirely too high for the best 
results in the compressor, as the lubricating oil carbonized rapidly, 
so that a separate circuit, discharging water at 90° F., was installed for 
the compressor. 

It has not been possible to measure the power output per gallon of fuel 
used, but as the engine radiation, the jacket water, and the exhaust are all 
used to heat the mill and solutions, the'total efficiency in winter must be 
very high The exhaust gases have been frequently as low as 110° F. 
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Construction Costs 

The following figures, representing costs of construction in 1915, are, 
unfortunately, only of historical value to-day. 


Mill, complete (including power-plant) $67,509.06 

Refinery 2,560.11 

Oil storage and wagons 2,162.05 

Office, assay office, and other buildings and equipment 8,071.48 


Total surface expenditures, except water line already installed. $80,302.70 

The total cost of the mill machinery and tanks, at shipping point, 
was $33,647.18, checking rather closely the common estimate that a mill 
erected will cost double the cost of its machinery. 

The lumber, 205 M. costing $48 per M. at the site, cost $20.42 per 
M. to erect. Machinery, 145 tons, cost $22.40 per ton to install; and 
10 tons of piping was placed for $44.77 per ton. 
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Fine-grinding Cyanide Plant of Bames-King Development Co. 

BT J. H. MCCORMICK,* MARYSVILLE MONT. 

(Colorado Meeting, September, 1918) 

This plant, near Marysville, Mont., was planned to treat the ore from 
the Piegan and Gloster mines, the latter being one of the early and famous 
producers of the Marysville district. When the mill was closed in 1888, 
treatment consisted of stamp milling, followed by pans and settlers for 
pan amalgamation. The extraction was evidently poor, because, a few 
years later, thousands of tons of tailings were re-treated' by the ranchers 
in the valley below the mill, by the then new cyanide process, and gave 
a handsome profit. 

In 1914, the present owners, after laboratory tests and an experimental 
mill run, decided upon the following treatment: crushing to 40 mesh in 
cyanide solution, concentration, amalgamation, classification, and cyani- 
dation of sands by leaching, and of slime by agitation and decantation 
in charges. The ore- averaged about $7 per ton, gold and silver, the 
ratio of weight being 1 oz. gold to 7.56 oz. silver. The ratio of gold and 
silver in tailings was 1 oz. Au to 36.6 oz. Ag; the quartz was sharp and 
sandy, however finely ground, and rather difficult to slime. 

" The mechanical equipment was a No. 5 Symons gyratory crusher; 
three 10-ft. Lane slow-speed Chilean mills; one Wilfley roughing and one 
finishing table; one submerged-type Akins classifier; five 26 by 10-ft. 
fir leaching tanks; one 24 by 7-ft. Dorr thickener; four 14 by 16-ft. Dorr 
agitators; four 6-compartment double-row zinc-boxes having compart- 
ments 18 in. wide, 18 in. deep, and 34 in. long; Johnson zinc lathe; acid 
and vacuum filter tanks for treating precipitate; roasting furnace; and 
Case tilting No. 275 crucible furnace for melting precipitate. 

The mill is driven by electric power supplied by the Montana 
Power Co. at the following rates, per kw.-hr.: 200 to 300 hp., 0.68 c. ; 
300 to 500 hp., 0.61 c.; 500 to 750 hp., 0.55 c.; plus $1 per month per in- 
stalled motor horsepower. 

The plant as above described was operated from May, 1915, to the 
end of the year, when an additional Dorr thickener and a 12 by 12-ft. 
Portland revolving filter were added, increasing the nominal capacity of 
100 tons per 24 hr., but not the percentage of extraction. The combined 
treatment, at a cost of $1.48 per ton, saved 90 per cent, of the gold and 


♦Superintendent, Gloster Mill. 
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59 per cent, of the silver, of which 78 per cent, was extracted by cyanide, 
20 per cent, by amalgamation and 2 per cent, by concentration. 

The amalgamation was accomplished in copper launders, attached to 
the concentrate end of the Wilfley finishing table; concentrates, at a 
ratio of 1 ton to 510 tons ore, averaged 12 oz. gold and 59 oz. silver per 
ton, and were leached with cyanide solution for 14 days to an average 
value of 1.1 oz. gold and 26.75 oz. silver, before being shipped to a 

smeltery. • u j • 

It will be noticed that the whole of the crushing was accomplished m 
two stages — gyratory crusher and Chilean mills — screen analyses of 
the products being given in Table 1. 


Table 1. — Screen Analyses of Chilean Mill Product and Classifier Products 



Chilean Mill Product 

Sands 

Slimes 

Mesh 

Per Cent. 

Cum. 
Per Cent. 

Per Cent. 

Cum. 
Per Cent. 

Per Cent. 

Cum. 

Per Cent. 

Over 48 

10.9 

10.9 

24.2 

24.2 



48-65 

11.6 

22.5 

20.9 

45.1 



65-100 

17.0 

39.5 

29.2 

74.3 

2.1 

2.1 

100-150 

13.6 

53.1 

14.0 

88.3 

11.1 

13.2 

150-200 

7.6 

60.7 

5.5 

93.8 

12.1 

25.3 

Below 200 

39.3 

100.0 

6.2 

100.0 

74.7 

100.0 


1 

1 100.0 

1 


100.0 


100.0 



The final products were admirably adapted for the treatment of that 
particular ore, if the cost of all-slime treatment was to be avoided. 

During this period of operation of the plant, the development of the 
Shannon mine was going forward, with the expectation of beginning to 
mill Shannon ore by July 1, 1916. The Shannon ore is different in 
character from that of the Piegan and Gloster mines, the grade being 
nearly double, with 93 per cent, of the total value in gold. 

Since it was advisable to use the one mill for all the ores, an all-slime 
treatment was adopted, requiring the following changes and additions to 
existing milling equipment: A standard Dorr duplex classifier, in addi- 
tion to the Akins classifier, following Chilean mills; two 5 by 16-ft. 
pebble tube-mills having Komata lining (each driven by 50-hp. motor, 
short-belt drive) with two standard Dorr duplex classifiers m closed 
circuit; and two 12-in. bucket elevators in the crushing department. 
Three of the leaching tanks were converted into thickeners (one into a 
simple thickener and two into single-tray thickeners) ; the remaining two 
leaching tanks were converted into Dorr agitators by increasing their, 
depth to 20 ft; a new Dorr thickener, 29 by 7 ft., was added, and another 
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I Fretli Watec ;rank 



50 Tons to each Mill . 





(Figures Refer to Solution Tonnage) 

Mill solution tank. 14 X 16 ft. 

Three 10-ft. slow-speed Chileans. 

Three belt feeders. 16-in. 

Bucket elevator. 12-in. buckets. 

Two classifiers: 1 Duplex Dorr; 1 Akins. 

Bucket elevator. 12-in. buckets. 

No. 5 Telsmith crusher. 

Two classifiers: Dorr Standard. 

Two 6 X 16-ft. tube-mills. 

Two Dorr thickeners: 24 X 7 ft. & 26 X 10 ft. 
Four Dorr agitators. 16 X 14 ft. 

One Dorr tray thickener. 26 X 10 ft. 

One Dorr agitator. 26 X 20 ft. 

One Dorr tray thickener. 26 X 13 ft. 

One Dorr agitator. 26 X 20 ft. 

Two Dorr thickeners: 24 X 7 ft. & 29 X 7 ft. 
Two Portland filters. 12 X 12 ft. & 12 X 10 ft. 
One clarifier. 28 leaves, 6 X 8 ft. 

Clarifier pump. 8 X 6 in. 

Teeter-box meter. 0.48 tons per cycle. 

Solution tank (pregnant). 16 X 16 ft. 

Vacuum chamber. 30 X 72 in. 

Vacuum pump. 6 X 3H in* 

Eight zinc-box^. 6 compartments each, 18 X 
18 X 34 in. ^ 

Acid- treatment tank. 

Three vacuum filter tanks. 

Two filter vacuum pumps: 8 X 8 in. & 8 X 6 in. 
Drying furnace. 

Melting furnace. No. 275 Pot. 

Air compressor. 12 X 8 in. 


Fig. 1. — Flow sheet of Gloster mill. 
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Portland revolving filter, 12 by 10 ft., also a set of twenty-eight 6 by 8-ft. 
clarifying leaves. Zinc-box capacity was doubled. 

The remodeled plant went into commission in August, 1916, with a 
nominal capacity of 150 tons per 24 hr., with 60-hr. treatment; for 10- 
day periods, over 200 tons per 24 hr. have been treated, with a shght de- 
crease in extraction. Concentration and amalgamation were continued 
in the fine-grinding plant for a period of six weeks, and were then 
abandoned, with no loss in total percentage of extraction. 

The unusual feature of the plant is the use of slow-speed Chilean mills 
for crushing the product of coarse breakers. These mills make a remark- 
able reduction, but leave some fine sand to be slimed in the tube-mills. 
Repairs are required rather frequently and access to make repairs is diffi- 
cult, making the mills unpopular with the attendants. Crushing costs. 




0 d /frf/be//0r-5 


f~eed Con fro/ 


•5/ofe Elevcifioh. 


£ncf eievcft/on 


Fig. 2. — Automatic feeding device for Lane mills. 


however, shown in Tables 4 and 5, compare favorably with other modes 
of coarse crushing, being, in fact, rather less than those shown by larger 
plants using ball-mills. An undesirable feature of these mills in a slime 
plant is that their product is too uniformly fine for regrinding in a peb- 
ble-mill without undue consumption of pebbles. 

Treatment is now as follows (Fig. 1) : crushed ore from the two mines, 
approximately 100 tons of Shannon and 50 tons of Gloster per day, 
carrying 6 and 8 per cent, moisture respectively, go into the same receiv- 
ing bin, from which it is fed to the Chilean mills by belt-conveyor feeders, 
actuated by cams on the mills, which automatically keep a fairly uniform 
depth of ore between the tires and the dies (Fig. 2). To each ton of ore 
fed, 4.3 tons cyanide solution, 0.0375 per cent, strength, and 10 to 12 lb. 
of lime are added at the feed hoppers. The average rate of crushing 
in the Chilean mills is 2.69 tons per hour per mill, screen analysis of the 
feed and discharge being shown in Table 2. 
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Table 2. — Screen Analysis of Chilean Feed and Discharge, 
and of Final Product 


Size 

Chilean Mill Feed 

Chilean Mill 
Discharge 

Classifier Under- 
flow to Tube-mills 

Classifier Overflow 

% 

Cum. % 

% 

Cum. % 

% 

Cum. % 

% 

Cum. % 

Over 3 in 

0.4 

0.4 







3 in.-2 in 

2.9 

3.3 







2 in.-lj^ in.. . . 

7.5 

10.8 







1^2 in.“l in — 

17.7 

28.5 







1 in. -34 in 

43.3 

71.8 







34 in.-20 mesh. 

22.9 

94.7 







20-48 “ 

2.5 

97.2 

14.0 

14.0 

26.6 

26.6 



48-65 

bo 

100.0 

11.4 

25.4 

17.7 

44.3 

1.1 

1.1 

65-100 



13.8 

39.2 

23.2 

67.5 

4.2 

5.3 

100-150 “ 



10.2 

49.4 

13.6 

81.1 

9.9 

15.2 

150-200 “ 



7.5 

56.9 

8.7 

89.8 

12.4 

27.6 

Below 200 “ 



43.1 

100.0 

10.2 

100.0 

72.4 

100.0 


100.0 


100.0 


100.0 


100.0 



{q) Includes all below 48 mesh. 


The Chilean product is elevated to classifiers, from which the over- 
flow goes to the slime-treatment department and sands to tube-mills; 
these are in closed circuit with classifiers, the overflow of which joins that 



Fig. 3. — Installation of Lane Chilean mills. 


from the Chilean-mill classifiers and goes to the slime-treatment depart- 
ment. Table 2 gives screen analysis of the slimes as treated. 
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The first unit in the treatment department is composed of two Dorr 
thickeners in parallel, one 24 by 7 ft. and one 26 by 10 ft., the underflow, 
specific gravity 1.35, going to the first agitation unit composed of four 
14 by 16 ft. tanks in series, where enough cyanide to increase the solution 
strength to 0.05 per cent, is added, and sufficient mill solution to make 
dilution 2J^^ to 1 ; the overflow goes to clarifying leaves and precipitation. 

Table 3 . — Mill Records for 1917 — Treating 52,885 Dry Tons 


Gold Silver 

Average value of feed, oz. per ton 0 . 5967 1 . 618 

Average value of tails, oz. per ton 0 0217 0 381 

Recovery, per cent 96.4 76 5 

Combined recovery (money value), per cent 94.5 

Net recovery $682,059 

Ratio Au to Ag, in feed 1:2.7 

Ratio Au to Ag, in tails 1:17.7 

Tons per Hour Kw.-hr. per 
Ton 

Symons No. 5 gyratory crusher ’ 15.3 1.1 

Lane Chilean mill (each) 2.69 7.7 

Tube-mill, 5 X 16 ft. (each) 2.52 8.6(a) 

Thickening and agitation * 5.8 

Filtering, clarifying, precipitating, refining, and assaying . . . 1.5 

Portland filters, 12 X 12 and 12 X 10 (both) 4 03 


Total . 24.7 


(a) On basis of total mill feed; about 60 per cent, of total feed goes through 
tube-mills. 

The second thickener unit is a 26 by 10-ft. Dorr single-tray. The 
underflow (specific gravity of tray product, 1.37 — of tank compartment, 
1.34) is raised 11 ft. net by a diaphragm pump, attached to each compart- 
ment, to the second agitation unit, which is a 26 by 20-ft. tank; here, 
sufficient overflow from No. 3 thickener unit is added by air lift to make 
the dilution 23^^ to 1. The overflow from the second goes to mill-solution 
tank or to precipitation, as conditions allow. 

The third thickener unit is a 26 by 13-ft. Dorr single-tray, where the 
underflow (specific gravity tray product, 1.35 — tank, 1.30) is raised 
ft* by a diaphragm pump attached to each compartment, to agi- 
tation unit No. 4, where sufl5cient barren solution is added by air lift to 
make the dilution 23 -^ to 1; overflow goes by gravity, counter-current, 
to No. 2 thickener unit. 

The fourth thickener unit is composed of two tanks, 24 by 7 ft. and 
29 by 7 ft., in parallel, where barren solution and filtrate from the Port- 
land vacuum filters are mixed with pulp entering thickeners; underflow, 
specific gravity 1.39, is raised 5^ ft. net to the Portland filters, where pulp 
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Table 4 . — Costs per Ton for Milling 52,885 (Dry) Tons, 1917 


Department 

Shifts Worked 

Labor Costs 

Material Costs 

Power 

Costs 

Total 

Costs 

Repairs 

Operat- 

ing 

Repairs 

Operat- 

ing 

Repairs 

Operat- 

ing 




$ 

$ 

$ 

$ 

$ 

$ 

Rock breaking . . . 

60 

386% 

0.0056 

0.0267 

0.0103 


0.0036 

0.0462 

Lane milling 

495 

1060% 

0.0439 

0.0814 

0.0198 

0.0491 

0.0617 

0.2559 

Tube-milling 

70% 

569 

0.0073 

0.0427 

0.0127 

0.1096 

0.0702 

0.2425 

Chemical treat- 









ment 


70% 


0 0050 


0 3120 


0 3170 

Agitating 

92% 

138% 

0.0091 

0.0106 

0 0134 


0 0238 

0 0569 

Thickening;^ . . . . 

82 

139% 

0.0084 

0.0107 

0.0069 


0.0229 

0.0489 

Filtering 

101% 

1084% 

0.0090 

0.0833 

0.0077 

0.0185 

0.0061 

0.1246 

Clarifying 

4 

277% 

0.0004 

0.0213 

0.0004 

0.0022 

0.0029 

0.0272 

Precipitating 

7 

251% 

0.0006 

0 0223 


0.1707 

0.0010 

0.1946 

Clean-up and re- 





fining 

4 

324% 

0.0004 

0 0260 

0 0013 

0 0664 


0 . 0941 

Tailings expense. . 


626% 


0.0447 


0.0197 


0.0644 

Heating expense. . 

9% 

105% 

0.0008 

0.0072 


0.0422 


0.0502 

Building main- 







tenance 

34 


0.0029 


0.0020 



0.0049 

General repairs. . . 

134% 


0.0152 


0.0186 


0.0023 

0.0361 

Miscellaneous ex- 








pense 1 


344% 


0.0496 


0.0078 

0.0040 

1 

0.0614 

Bullion expense.. . 


3 


0.0002 


0.0660 

0.0662 

Oil, waste and 









packing 






0.0143 


0.0143 

Assay expense 


' 233% 


0.0200 


0.0070 

0.0032 

0.0302 

Totals 

1095% 

5614% 

0.1036 

0.4517 

0.0931 

0.8855 

0.2017 

1.7356 


cake is given two washes of barren solution (one applied by a set of spray 
nozzles and a second by a perforated drip pipe), followed by a wash of 
water applied through perforated drip pipe. The filter cake, carrying 
29.9 per cent, water, is then discharged as tailings and 20 per cent, 
more water is added to move it to the pond. The filter tailings are sam- 
pled by teeter-box sampler, operated by barren solution; the latter is also 
sampled by the same teeter-box. Overflow from the fourth thickener 
unit is pumped (counter-current) to No. 3 thickener. 

The Portland filters require new filtering medium of cotton drill and 
burlap, and wire winding, every six to seven months; the filter is out of 
commission 28 to 36 hr. for removing worn wire and cloth, cleaning, 
applying new burlap and drill, and rewinding. 

Pregnant solution going to precipitation is metered and sampled by a 
teeter-box holding 0.483 ton of solution per cycle; 3.81 tons of solution 
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and spouted on top of the tank charge in the agitation circle. Above the 
separation zone, the water or solution rises clear within the diaphragm, 
and by the hydrostatic pressure of the pulp undergoing agitation the clear 
solution is raised to a height above the level of the pulp commensurate 
with the depth of the sides of the diaphragm. 

As an example, if the pulp being agitated contained 2 parts by weight 
of solution to 1 part by weight of solids, it would have the specific gravity 
of, say, 1.26, (depending on the specific gravity of the solids) or, about 
one 2 |«nd one-quarter times the weight of the same volume of water. 
Therefore, if the sides of the diaphragm extend, for example, 9 or 10 
ft. down into the pulp, the weight of the pulp would raise and balance a 



Fig. 4. Fig. 5. 


column of clear solution within the diaphragm to a height of more than 2 
ft. above the level of pulp in the agitation circle. The separation of the 
solution from the solids takes place rapidly in the separation zone at the 
foot of the diaphragm, probably due in a considerable degree to the cen- 
trifugal force set up by the rotary flow of the pulp in the agitation circle. 
At any rate, clear solution separates from the pulp mass in this region and 
rises rapidly and continuously within the diaphragm from the top of which 
it is taken off through pipes d and deUvered into the pulp being agitated 
in the next adjoining tank, and so on until from the head tank of the 
series the solution goes to the clarifiers to remove any fine slime that may 
be carried over in suspension, and thence to precipitation. 
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ATJTOMATIC SEPABATION OF SOLUTION FBOM SOLIDS 


The series of tanks in which the treatment is carried on is set so that 
each tank from head to tail of the series is 6 in. below the level of the tank 
preceding it. This height is quite sufficient to overcome the flow friction 
of the pulp as it goes from tank to tank through pipes e. The last two 
tanks of the series may be specially arranged so that the pulp may be 
thickened to a very high density before it is discharged to filter press or 
dump as conditions require. In this way, the counter migration of the 
solids and solution is brought about automatically and continuously 
through any number of tanks equipped as shown in the illustrations. 
The precipitated cyanide solution, which is added to the last tank of the 
series, flows from tank to tank toward the head of the series, dissolving the 
metals from the solids with which it is agitated as it goes. The solution 
thus becomes enriched as it goes from tank to tank until it flows from 
the head tank for precipitation, while the solids being carried from the 
head to the tail tank of the series become poorer and poorer until they 
are discharged barren from the tail tank. 

The same principle may be used in the acid leaching of copper ores, 
but the tanks and the transfer pipes used for this purpose are made of 
wood in order to be acid proof. This method obviates the use of pumps 
between the tanks, which give great trouble in handling acid solution. 

The agitation of the pulp may be carried on within the diaphragm, 
leaving the annular space outside the diaphragm for the rise of the clear 
solution. I have designed this latter method for a plant having Pachuca 
tanks, but the first described method may also be installed in Pachuca 
tanks to advantage because the clear solution may be lifted to any height 
which allows a series of tanks set on a level tg be operated without the 
intervention- of pumps. 

Some time ago I suggested to the operator of a plant of Pachuca 
tanks that he equip the tanks with the apparatus I have described, 
but he was skeptical that water could be made to rise above its own level 
so as to flow from tank to tank as I described. 

A 12-ft. length of stack was available and this was suspended in the 
tank to a depth of 10 ft. below the level of the pulp being agitated. In 
2 hr. clear solution was overflowing the. top of the pipe, which was 2 ft. 
above the pulp level, a continuous overflow as from an artesian well. 

In the hydrometallurgical treatment of ore pulps, the principle 
developed as described and applied will be found to be an important 
forward step. The cost of installation is small and the cost of operation 
is nothing. 
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Effect of Oxygen on Precipitation of Metals from Cyanide 

Solutions 

BY THOMAS B. CROWE, * B.l M., VICTOR, COLO. 

(Colorado Meeting, September, 1918) 

.Much has been written upon the precipitation of metals from cya- 
nide solution by zinc. We often read of the many factors that influence 
precipitation, such as zinc surface, purity of zinc, percentage of lead, 
temperature of solutions, strength of solutions in cyanide or alkali, etc. 
Little do we hear, however, of the part that oxygen plays in precipitation. 

Caldecott^ says: ^^As the dissolving of gold is essentially an oxida- 
tion process, so its precipitation is one of reduction.^^ All who have 
studied or worked with cyanide solutions will agree that Caldecott’s 
statement is true. In the cyanide work in the mills of the Portland 
Gold Mining Co., we have always found oxygen to be the greatest 
enemy to precipitation. 

Oxygen Antagonistic to Good Precipitation 

A few years ago, while making some experiments on the effect of pres- 
sure upon the dissolving rate of gold from our ores, to prove a poipt, I 
made some bottle tests under vacuum. The results were surprising, 
and showed that under vacuum practically no gold dissolved, which 
confirmed my belief that Eisner’s equation was true and also led me to 
investigate the amount of dissolved air carried by solutions at atmos- 
pheric pressure. 

The experiment consisted in partly filling an acid-bottle with mill- 
solution and connecting it by a rubber hose to a vacuum pump. When 
the vacuum was suddenly applied, a cloud composed of .thousands of 
small air bubbles rose out of the solution, showing qualitatveily the 
amount of dissolved air that was contained in the solution, and also 
proving that the relief of atmospheric pressure on the solution permitted 
this dissolved air to escape. 

In studying literature on the subject, we find Henry’s law — ^^The 
amount of gas dissolved by a liquid is proportional to the pressure to 
which the gas is subjected.” 

* Mill Superintendent, Portland Gold Mining Co. 

^ W. A. Caldecott: Chemistry of Banket Ore Treatment, 389; in “A Text-book 
of Rand Metallurgical Practice ” by Ralph Stokes and others. London, Charles 
Grifim & Co., Ltd., 1912. 
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We find that at atmospheric pressure water dissolves from 2 to 4 
per cent, of air by volume. 

We also find that when air is dissolved by water, owing to the differ- 
ent coefficients of absorption of oxygen and nitrogen, the absorbed air 
has the composition of about 35 per cent, oxygen and 65 per cent, nitro- 
gen, while ordinary atmospheric air is about 21 per cent, oxygen and 79 
per cent, nitrogen. Mill solutions, then, contain not atmospheric air, but 
a per-oxidized atmospheric air, which is very good for oxidizing but very 
injurious to the reduction process of precipitation. 

In the early days of zinc-dust precipitation, the dust was sprinkled 
over the top of a tank of solution while under agitation; large quantities 
of zinc were used and the solution tailing was far from what was desired. 

Later MerrilFs improved method came out, the principal character- 
istic of which was the exclusion of air from contact with the precipitant 
and precipitate during precipitation. Merrill’s method was a big im- 
provement over the old scheme, allowing a material reduction in the quan- 
tity of zinc used, with much lower barren solutions, and showed very 
plainly the effect of oxygen in former work. 

Having had the sad experience of allowing free air to pass with my 
solution through the precipitation press, and knowing that Merrill’s 
process had been an improvement over the old open-tank process, 
I naturally reasoned that the removal of the dissolved air from solution 
would be the means of further benefiting precipitation, providing a 
vacuum could be practically applied to solution, prior to, or during 
precipitation. 

Laboratory tests on the application of a vacuum to solution before 
the addition of zinc-dust confirmed my theory. Large tests were tried, 
apparatus was designed that would continuously apply a vacuum to 
solution during its flow to the precipitation presses, and gradually the 
vacuum system of precipitation worked its way into our mills, with the 
result that the zinc consumption has been cut' in half, which fact is es- 
pecially gratifying to us during the war period with its prevailing high 
prices. 

Effect of Vacuum Precipitation on Consumption of Cyanide 

Having been successful in reducing the amount of zinc used, and as 
the price of cyanide kept soaring, we decided to try to make a reduc- 
tion in cyanide consumption. 

A thorough scrutiny of our former work revqaled the fact that, for 
dissolution purposes on our particular ore, the cyanide solution strength 
was much higher than was necessary, having been kept high for the sake 
of good precipitation. In fact, the solution strengths in our mill had 
been reversed — the strongest solution was the barren; and this being used 
as a wash on the filters, occasioned high cyanide consumption. The 
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high strength of the barren solution was caused by the necessity of add- 
ing lump cyanide at the head of the precipitation process to insure low- 
grade solutions to be used in washing. 

With the installation of our vacuum system, we found that perfect 
precipitation could be maintained without the addition of lump cyanide, 
and today our mills are running with the highest solution strength in 
the agitators, and not in the barren tank. This, together with a gener- 
ally lower solution strength in all parts of the mill, has allowed a material 
reduction of cyanide consumption. 

Table 1 will give an idea of the amount of cyanide and zinc used be- 
fore and after the installation of the vacuum precipitation. 

Table 1. — Comparison of Ordinary and Vacuum Precipitation Systems 

Tons op Pounds Pounds Pounds 

Solution NaCN per Zn per Zn per 

Precipitated Ton Ore Ton Ore Ton Sol. 


12 months, Year 1915 503,819 0.331 0 407 0.174 

12 months. Year 1916 536,455 0.320 0 369 0 . 150 

6 months. Year 1917 249,988 0.175 0.191 0.084 


Years 1915 and 1916, ordinary zinc-dust precipitation. Year 1917, vacuum 
precipitation. 


Opposing Action of Oxygen and Hydrogen 

How often have we found, when working with zinc shavings, that the 
only remedy for poor precipitation, excepting the addition of lump 
cyanide to the head of the box (which has its limitations), is a cleanup 
or redressing of the box. 

Assays of the effluents from the different compartments of a box 
during a period of good precipitation generally reveal the fact that each 
compartment in the series is doing some work, there being a gradual 
reduction of the value of the solution as it progresses from compart- 
ment to compartment. 

A similar series of assays taken during a period when precipitation 
is only fair, the box being inclined to give erratic results, shows that the 
first compartments of the series are doing very little work, the burden 
consequently being thrown on those compartments lower in the series. 
A third series of assays, taken when precipitation is bad, generally shows 
that not only is no precipitation occurring in the first compartments, but 
that the first compartment is giving up its gold, the values being carried 
to the lower compartments and sometimes entirely out of the box. 
Decreasing the rate of flow of solution through the box sometimes helps 
this condition and increasing the cyanide strength also gives temporary 
relief, but a redressing of the box seems to be the only real remedy. 

During precipitation, two opposing forces are continually working: 
first, a precipitating force; second, a dissolving force. The precipitating 

VOL. LX. 8. 



114 PEECIPITATION OF METALS FROM CYANIDE SOLUTIONS 

force is a reducing action and is caused by the dissolving of the zinc, 
which creates an electro-motive force and evolves hydrogen. Nascent 
hydrogen seems to be the active agent that causes precipitation. The 
second, or dissolving force, is an oxidizing action, its strength being a 
function of the axpount of oxygen carried by the solution. 

Reducing agent hydrogen and oxidizing agent oxygen are decided 
enemies, and cannot live together in the same solution. When nascent 
hydrogen, caused by the dissolving of zinc in cyanide solution, is gener- 
ated, its first work is that of combating its enemy, oxygen, combining 
with it and getting it out of the way. After this is done, it then takes 
up the role of precipitation and plays its part. 

When large quantities of zinc are dissolved and plenty of hydrogen 
is evolved, as is the case when lump cyanide is added to the head of the 
box, the effect of oxygen becomes insignificant, but when the cyanide 
solution strength is low and very little zinc is dissolved, then the oxygen 
in solution may gain supremacy over the evolved hydrogen and result in 
poor precipitation or, in extreme cases, dissolution of precipitated gold. 
Especially is this true when the zinc has been in use for long periods 
and the first compartments are rich in gold and poor in zinc. A freshly 
dressed box presents more zinc surface and, in a cyanide solution of a 
given strength, has a certain power to reduce and precipitate, this power 
becoming less and less as it does its work. This work consists of a very 
small job of precipitating and a very large job of counteracting the 
effects of oxygen contained in the air dissolved in solution. 

Why then allow this enemy of precipitation to pass with the solution 
into the zinc press or box, when it can so easily be removed by the appli- 
cation of a vacuum. during its flow? 

When the air in solution is removed prior to precipitation and the 
deoxidized solution is run or pumped through the precipitating system, 
only the burden of precipitating is put upon the zinc and we find, when 
this is done, that a very weak electro-motive force is sufficient to effect 
precipitation, which means that one can operate with both weaker 
cyanide-solution strength and with smaller amounts of zinc, producing 
a higher-grade precipitate with less cost for cutting down and refining. 

DISCUSSION 

G. H. Clevenger, Colorado Springs, Colo. — Mr. Crowe^s paper will 
be of ^eat interest to cyanide operators, as it is a distinct new develop- 
ment in cyanidation. After reading the paper it occurred to me that 
some of us had done practically the same thing some time ago, but with- 
out design and unconsciously. I refer particularly to the operation of 
some of the earlier types of vacuum filter, used in connection with a dry 
vacuum pump and e receiver, which is somewhat similar equipment to 
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that employed by Mr. Crowe. However, we did not appreciate the good 
effects we were getting from such of this solution as was precipitated, 
and it has remained for Mr. Crowe to bring distinctly to our attention 
the advantages of removing air from cyanide solutions before precipi- 
tation. Full credit is therefore due him for this very clever improvement 
in the cyanide process. 

J. V. N. Dorr, New York, N. Y. — I think that Mr. Crowe’s work 
has been the greatest single improvement on the chemical side of cyanida- 
tion within the past 15 years; other improvements within that time have 
been largely mechanical. Although he has shown us something that 
each of us should have known before, I feel that he has made a very defi- 
nite and valuable contribution to the art. 

A. L. Blomfield, Colorado Springs, Colo. — When we first tried 
Mr. Crowe’s process at the Golden Cycle mill, we supposed that the pre- 
cipitation boxes would have to be kept covered, lest the air should again 
be dissolved in the solution and disturb the precipitation; however, we 
found that nothing that we did made the slightest difference. The 
application of the system had the immediate effect of doubling the 
capacity of the boxes and giving about 30 per cent, better tailings. 

G. T. Hansen,* Salt Lake City, Utah. — We have had occasion, within 
recent months, to heat pregnant solution to about 170° F., for the pur- 
pose of precipitating copper, before sending it to the zinc boxes. We 
found that heating accomplishes practically the same result, as regards 
removal of air, as applying a vacuum. 

George M. Taylor,! Colorado Springs, Colo. — I would like to say, 
on behalf of Mr. Crowe, that at our two mills, the Victor and the Inde- 
pendence, where we were treating about 2000 tons of ore per day, there 
was a saving in zinc and cyanide of about $2500 a month, or $30,000 a 
year. 

Louis D. Mills, San Francisco, Cal. (written discussion!). — The 
principle involved in the Crowe vacuum precipitation process is so 
elementary and the apparatus required is so simple, that the whole 
subject affords scant material for a technical discussion. As one promi- 
nent Colorado metallurgist recently remarked when asked to contribute 
to this paper: “The Crowe process is the biggest step forward since 
the early days of the cyanide process, but there is nothing to write about; 
just put it in your mill and try it.” The writer confesses to a similar 


* Manager, Midvale Minerals Co.; Dayton Placer Recovery Corpn. 
t Manager, Milling Department, Portland Gold Mining Co. 
t Received Nov. 12, 1918. 
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feeling, but having been closely identified with the process since its in- 
ception in 1916, he is perhaps in a position to at least comment on the 
theory involved and to record some of the results that have been achieved 
in actual practise. 

In practising the Crowe process, the solutions to be precipitated are 
first vacuumized in a suitable dispersion tower; that is, thin films of the 
liquid are subject to the action of a vacuum within a receiver. Sub- 
stantially all of the dissolved air is thus removed through the vacuum 
pump, and the treated solution is sent to precipitation without further 
opportunity for re-absorption of air. The time of contact required is 
short and the amount of power consumed is very small. A receiver 6 
ft. (1.8 m.) in diameter by 12 ft. long handles upward of 3000 tons of 
solution in 24 hr. or 500 gal. (1892 1.) per min., with a consumption of 
under 1 hp. No supervision is required other than to insure the proper 
operation of the small vacuum pump and motor, the flow of solution 
being entirely automatic. 

The actual precipitation of the metals may be accomplished by any 
of the well-known methods, as, for instance, in zinc shavings boxes or 
by the use of powdered precipitants, such as zinc, aluminum, or charcoal, 
as in the Merrill process. The writer agrees with Mr. Crowe, that the 
true precipitating or reducing agent is invariably nascent hydrogen. 
This hydrogen is probably evolved first by the dissolution of the pre- 
cipitant in caustic alkali and the reaction continues as long as fresh 
precipitant is exposed to the solvent. A portion of the hydrogen evolved 
by this dissolution is lost, as far as the operation of precipitation is 
concerned, by combining with the oxygen of the dissolved air contained 
in all cyanide solutions. 

The amount of dissolved oxygen in such solutions depends upon the 
pressure and agitation to which the solutions have been subjected. 
Contact with reducing minerals of the ore tends to rob the solution of 
its oxygen, but, to insure maximum dissolution of the precious metals, 
the oxygen content is kept as near as possible to the saturation point. 
The solubihty of oxygen in cyanide solutions varies inversely with the 
temperature, being relatively much greater in cold solutions than in warm 
solutions. This explains the well-recognized advantages of warming 
cyanide solutions during cold weather. 

The oxygen contents of normal treatment solutions varies from 4 to 
8 mg. per hter, and 6 mg. may be taken as an average figure.^ The 
usual equations show that 6 mg. of oxygen per liter are equivalent to^ 

1 W. A. Caldecott: Chemistry of Banket Ore Treatment, in “A Text Book of 
Rand Metallurgical Practice,^' by Ralph Stokes and Others. 1 , 385. London, 
1912, C. Griffin & Co., Ltd. 

* H. A. White: The Estimation of Oxygen in Working Cyanide Solutions. Journal, 
Chemical, Metallurgical and Mining Society S. A. (June, 1918) 18 , No. 12, 296. 
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0.012 lb. of oxygen pel* ton of solution. 

0.049 lb. of zinc per ton of solution. 

0.195 lb. of potassium cyanide per ton of solution. 

0.160 lb. of sodium cyanide per ton of solution. 

Thus it is evident that in precipitating a solution containing in excess 
of 0.20 lb. KCy or 0.15 lb. NaCy sufficient zinc must be wastefully dis- 
solved to satisfy the dissolved oxygen present, the ultimate product being 
the double salt Na 2 Zn Cy 4 , and the quantities entering into the reaction 
being 0.012 lb. of oxygen, 0.049 lb. of zinc and 0.150 lb. of sodium cyanide, 
respectively. The removal of this oxygen prior to precipitation should 
therefore reduce the consumptions of zinc and cyanide by the foregoing 
amounts, and it is of interest to note that this exact result has been 
found in the application of the Crowe process. 

At the Belmont mill in Tonopah the chemical consumptions prior 
to the installation of the vacuum process were as follows: Zn, 0.772 
oz. per fine ounce of silver recovered; NaCy, 2.850 lb. per ton ore milled. 
After instalhng the vacuum process, the figures became: Zn, 0.650 oz. 
per fine ounce silver recovered, which corresponds to a saving of 0.14 
lb. per ton ore milled ; at the same time the cyanide consumption was re- 
duced to NaCy, 2.40 lb. per ton ore milled, or a saving of 0.45 lb. per 
ton ore milled. 

Since at this plant the ratio of solution precipitated to ore milled is 
very close to 3:1, the actual reductions per ton of solution precipitated, 
namely 0.046 Zn and 0.15 NaCy, are practically identical with the 
theoretical figures. 

Considered from an economic standpoint and remembering that zinc 
and sodium cyanide are at present worth approximately $0.15 per lb. 
and $0.30 per lb., respectively, the foregoing figures furnish a convincing 
illustration of the value of the Crowe process, the saving in chemicals 
alone being in excess of $0.15 per ton of ore milled. 
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Roasting for Amalgamating and Cyaniding Cripple Creek Sulfo- 
telluride Gold Ores 

BY A. L. BLOMPIELD,* B. B., AND M. J. TBOTT.t B. MET., COLOBADO SPRINGS, COLO. 

(Colorado Meeting, September, 1918) 

The Golden Cycle Mining and Reduction Co. operates its custom mill 
at Colorado Springs on Cripple Creek ores exclusively. These ores are 
straight sulfo-tellurides, with practically no base metals such as Pb, Cu, 
Zn, As, or Sb. 

Upon entering the mill, the ore all passes through the sampler to storage 
bins, where beds of 5000 tons each are made to insure uniformity in 
roasting. 

Classification of Ores 

For efficiency, it has been found advisable to separate the ores into 
two classes according to their lime content. Other constituents have 
their effect, such as alumina and magnesia, but, speaking generally, these 
are roughly proportional to the lime, which, as CaO, is used as the indica- 
tor. Class A contains not more than 2 per cent. CaO and comprises 
about 66 per cent, of the ore treated. Class B contains over 2 per cent. 
CaO, and comprises 34 per cent, of the ore treated. Typical analyses of 
both classes are as follows: 


Class A Class B 

Insol 86.70 75.90 

AljOs 2.30 3.40 

Fe 3.26 3.48 

CaO 1.57 5.12 

S 1.79 1.80 

MgO 0.21 1.08 

Ignition loss 3.20 6.50 


99 03 97.28 

The beds of each class of ore are made as large as possible with the 
available ore as it comes in, to avoid changing from one bed to the other 
any oftener than necessary. Each roaster will handle 50 per cent, more of 
class A ore than of class B, with practically the same results. This 
necessitates changing the rate of feed for each new bed and tends toward 
a poor roast and loss of tonnage at each change. 


• Manager, Golden Cycle Mining & Reduction Co. 
t Assistant Superintendent, Golden Cycle Mining & Reduction Co. 
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Cbushing Prepabatoby to Roasting 

After leaving the storage bins, the ore is crushed in Schmidt 
“kominuters,” ball-mills. Diagonal slotted screens %4 by in. (3.57 
by 12.7 mm.) are used, giving a product which analyzes as shown in 
Table 1. 


Table 1. — Screen Analysis of Ball-mill Product 


Size 

Screens 

New Screens 

Per Cent. 

Cum. Per Cent. 

Per Cent. j 

Cum. Per Cent. 

Over 2 in 

6.1 

6.1 

1.1 

1.1 

5-^2 + in 

5.1 

11 2 

2 4 

3.5 

% in. -10 mesh 

24.0 

35.2 

16 6 

20.1 

10 - 20 mesh 

22.2 

57.4 

26.2 

46.3 

20 - 30 mesh 

8.0 

65.4 

10 2 

56.5 

30 - 40 mesh 

5.2 

70.6 

7.6 

64.1 

40 - 60 mesh 

6.4 

77.0 

9.8 

73.9 

60 - 80 mesh 

1.2 

78.2 

1.2 

75.1 

80-100 mesh 

2.5 

80.7 

3.0 

78.1 

100-150 mesh 

2.2 

82.9 

3.9 

82.0 

150-200 mesh 

4.2 

87.1 

4.4 

86.4 

Below 200 mesh 

12.9 

100 0 

i 13.6 

I 

1 

' 100 0 

i 


100 0 

i — 


! 100 0 


Crushing efficiency is increased by coarse crushing in “kominuters,” 
both in “kominuters” themselves and in Chilean mills after roasting. 

The finer the crushing, the greater the dust losses in the roasters. If 
too fine, there is a tendency for the hot ore to “run” through the roasters. 

The coarser the crushing, the harder it is to roast the mechanically 
occluded sulfides. The ore may appear to be well roasted when too 
coarse, but, after regrinding, will fill the solutions with soluble sulfides, 
which increase the consumption of cyanide. The coarse ore itself does 
not seem to entail a high residue, but the bad effect upon the solution 
tends to hinder extraction, unless the plant is very flexible. 

The tendency for general efficiency is toward finer crushing for the more 
basic ores than for the siliceous. This is roughly adjusted by finer screen- 
ing before the ore enters the “kominuters” and by using the mills with 
the newest screens. The average should be not more than 30 per cent, 
coarser than 10 mesh. 


Roasting Furnaces 

The roasting furnaces used are the Edwards Duplex, 54 rabble, sup- 
plied by Stearns-Rogers Mfg. Co. The length is 115 ft. (35 m.); 
width, 13 ft. (3.9 m.); live roasting area, 1495 sq. ft. (138.8 sq. 
m.) ; coolers, 44 ft. (13.4 m.) long and 13 ft. (3.9 m.) wide, with an area of 
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572 sq. ft. (50.4 sq. m.). There are three fire boxes for each roaster. 
The temperature of the ore at the discharge point of the roasters is about 
485® C.; at the discharge point of the coolers, about 278® C. The tem- 
perature depends on tonnage, air temperature and the rate of rabbling. 
Trials were made on rabble speeds from 13^^ r.p.m. up, and the most effi- 
cient cooling was at a rabble speed of 6 r.p.m. 

Details of Rabbles 

The spiiidles, rabbles and teeth are made of cast iron by a local foun- 
dry. The consumption of teeth is 0.1637 lb. per ton of ore; of rabble 
arms, 0.0684 lb. per ton of ore, and of spindles, 0.0265 lb. per ton of ore. 

Inside the roaster, all rabble arms are water-cooled, the water being 
pumped from Fountain Creek, just below the mill, to a storage tank 
on the hill above the roasters. After passing through the rabbles, it is 
run over a cooling tower and pumped back to the storage tank. The 
temperature of the water going into rabbles is 25® C. to 34® C., depending 
upon the temperature of air, the wind, and the tonnage in roasters. 
Its temperature on leaving the rabbles varies from about 45® C. to 64° C. 
The water used per roaster per minute varies from 90 to 115 gal. de- 
pending upon the condition of the rabbles and the rate of feed. 

There are 27 pairs of rabbles in each roaster and 11 pairs in the 
cooler. In the roasters they travel 3 r.p.m. and in the coolers, 6 r.p.m. 

The hearth is sloped from feed to discharge end, 3^^ in. to the foot (4.17 
cm. to the meter), which is sufficient to cause the ore to move forward 
under the action of the revolving rabbles. For a given rate of feed, the 
slower the rabble speed the greater the depth of ore. The greater the 
rabble speed, the less tendency there is to burn or '^ball” the ore under 
excessive heat. 

The average time of passage of the ore through the roasters is 6 hr. 
From 13 to 17 hp. is required for each roaster and cooler, depending on 
the feed and the speed of the rabbles. 

The roasted ore falls from the coohng hearth through a choke feeder 
onto a 315-ft. (96 m.) reciprocating drag conveyor. The sheet-iron 
fins are 34 in. (86.36 cm.) long by 8 in. (20.32 cm.) deep. An average 
of 1634 hp. is required to operate it. 

The roasters are shut down the first of every month to allow repairs 
to be made on this drag. The pins that hold the fins are subject to 
great wear near the discharge end where water is sprayed on the ore before 
it falls on a rubber conveying belt. This belt is made of specially vul- 
canized rubber (Diamond Rubber Co.) to withstand the heat and 
moisture. The ore is at about 90® C. when it falls on this belt and 
contains 2 per cent, moisture. The contained heat serves, unaided, to 
warm the cyanide building throughout the year. It has, also, the un- 
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fortunate effect of warming the cyanide solution in which the ore is 
crushed, thus putting large quantities of calcium sulfate into solution. 

Coal Used for Roasting 

The coal is Colorado Springs lignite, supplied by the Pikes Peak 
Cons. Fuel Co. from their mines 6 miles north of the city. The average 
analysis is as follows: Water, 20.2; volatile, 54.65; fixed carbon, 19.75; 
ash, 5.1; sulfur, 0.30; average heating capacity, as mined, 8700 B.t.u. 
For class A ore, 249 lb. of coal per ton of ore is required for roasting, while 
for class B ore, 347 lb. is needed. The fire-box is that of the Western 
Fire-Box Co., a semi-gas producer, requiring the use of live steam; 
12 per cent, additional coal is used to generate this steam. The capacity 
per roaster ranges, for class A ores, from 125 to 150 tons per 24 hr., and 
for class B ores, from 80 to 100 tons per 24 hours. 

Flue Losses 

Extensive stack tests were made in 1909 to determine the flue losses. 
The method was the use of the Pitot tube for measuring velocities and 
employing bags for collecting the dust. The volume of flue gases per 
roaster was 15,000 cu. ft. per min. At the time of the first tests, the 
revolving cooler was in use and the stack loss amounted to 13.2 c. per 
ton on 1-oz. ore. After changing to the present coolers, the dust loss 
was 3 to 4 c. per ton of 1-oz. ore. The amount of flue-dust collected 
was formerly from 0.7 to 0.9 per cent." by weight and carried a value 32 
per cent, higher than the ore. It is now 0.4 per cent, by weight and 
carries a value 20 per cent, higher than the ore. The open cooler and 
more careful feeding and discharging has made this difference. 

Conditions of Roasting 

The temperature, as indicated by Brown indicating pyrometers, is as 
follows : 

Class A ore— 800° to 870° C. in the center of the arch, 8 ft. above 
No. 1 fire-box and in the flow of heat; 800° to 850° C. 8 ft. above No. 2 
fire-box. 

Class B ore— 850° to 900° C. above No. 1 fire-box; 850° to 870° C. 
above No. 2 fire-box. 

In roasting all ores, No. 3 fire-box keeps the ore at a red heat up to the 
point of discharge. The hotter the ore is kept here, the less tendency 
there is for the sand of class B ore to ''seC' in the leaching tanks. Class 
A ores show no such tendency within the present treatment conditions. 
Nevertheless, they will do so under other conditions of classification and 
filling. 
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A few practical points in the operation of the roasters are worthy of 
notice. The draft should be kept up to about 0.2 in. of water at all 
times to allow a free escape of the gases and consequently a more oxi- 
dizing atmosphere. The flames from the fire-boxes must be given an 
excess of air to keep them from being smoky, as their reducing ejBfect 
then is quite strong. 

Chemical Reactions in Roasting 
Siliceous Ores 

FeS2 + heat == FeS + S. 

FeS + heat + 0 = FeO + SO2. 

FeO may further oxidize to Fe203. 

FeSOi is found when roasting at low temperatures, but at high tem- 
peratures this decomposes into FeO and SO3 or SO2 + O. 

Baeic Ores 

In the roasting of calcareous ores containing metallic sulfides, if 
sufficient sulfur be present the lime is converted almost quantitatively 
into CaS04. The behavior of CaS04, when heated in the presence of CO 
and C, has been investigated by H. 0. Hofman and W. Mostowitsch.^ 
The chemical reactions and temperatures stated herein are quite largely 
taken from their reports. They are given, as they appear to fit the class 
B ores as roasted. 

The reduction of CaS04 by CO is indicated in the equation CaS04 
+ 4CO = CaS + 4CO2. The reaction takes place without any loss 
of sulfur. Very little reaction takes place unless the temperature is 
above 680° C. Between 750° and 850° C. the action is quite rapid and 
is completed at 900° C. 

The reduction of CaS04 by carbon is indicated in the equations CaS04 
+ 4C = CaS + 4CO, and CaS04 + 2C = CaS + 2CO2. The action 
begins fairly well at 700° C. and finishes at 1000° C., proceeding most 
rapidly between 800° and 900° C. At about 800° C., CaSOi + 2C = 
CaS + 2CO2; above 800° C., CaS04 + 4C = CaS + 4CO. 

It was found that CO acted more readily and effectively than carbon 
alone, both beginning and finishing at lower temperatures. It is prob- 
able that the gases CIl4, C2H6, and H would act similarly in the reduc- 
tion of CaS04, since they are effective with Na2S04. 

CaS, if roasted in pure, dry air, does not all revert to CaS04, but 
forms a product of about 76 per cent. CaS04 and 24 per cent. CaO, with 
a loss of approximately 32 per cent. S. This loss of S is accounted for by 
the interaction of CaS04 and CaS, according to the reaction 3CaS04 
+ CaS = 4CaO + 4SO2. 


1 Trans. ( 1910 ), 41 , 763 . 
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The complete elimination of sulfur at this point is probably pre- 
vented by the failure of intimate contact between the GaS and CaS04* 
Action between* CaS04 and CaS takes place in a neutral or oxidizing 
atmosphere, but not in a reducing one. 

When heating pure CaS04 in the presence of oxygen it loses its com- 
bined water at 900° C. and begins to decompose at 1250° to 1300° C. 
In the presence of SiOs it starts to decompose and gives off SO2 at 1000° 
C. and decomposition is completed at 1250° to 1300° C. The action is 
shown in the equation CaS04 + Si02 = CaSiOs + SO2 + O. 

An interesting equation is CaS + FeS04 = CaS04 + FeS. It takes 
place at a low temperature. 

Roasting for Cyanide Treatment 

In roasting for cyanide treatment, both sulfates and soluble sul- 
fides are deleterious. Soluble sulfides are active cyanicides and 
attack zinc freely. They are active reducing agents and under certain 
conditions can completely eliminate all oxygen from the solutions. 

Though precipitating gold to an appreciable extent only in acid solu- 
tion, when the solution percolating a leaching charge becomes deoxid- 
ized by an excess of soluble sulfide, either gold is precipitated or the 
undissolved gold is so coated as to render further dissolution so extremely 
slow that to obtain a commercially good residue is impossible. In agi- 
tating slimes, especially without air, a similar condition is brought about. 

It is interesting to note that if such a residue is completely dried or 
thoroughly treated with a solution of permanganate of potash or other 
effective soluble oxidizer, then subjected to cyanide treatment, the normal 
residue is obtained rapidly. 

Acid sulfates act as virulent cyanicides if not quickly, neutralized. 
Calcium sulfate, formed either m the roasters or by reaction of soluble 
sulfates in the ore on meeting the lime in solution, is decidedly deleteri- 
ous. The hot ore warms the crushing solution. This becomes saturated 
with calcium sulfate which precipitates as the solution cools. These 
crystals fill pipes, launders and Dorr thickeners, render filter mats and 
clarifying mats impermeable, coat Merrill filters, frames and cloths and 
form a deposit on the zinc and zinc boxes. In class A ores these troubles 
are comparatively unimportant, although considerable lime is required 
to neutralize the solutions, whereas class B ores often require none. 

Formation of Soluble Calcium Sulfate 

We believe that the chief formation of soluble calcium sulfate, with 
class B ores, occurs in the roasters. It will be noted in the roaster equa- 
tions quoted that, somewhere above 870° C., the final molecule of water 
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is driven out of the calcium sulfate; it then becomes practically insolu- 
ble in working solutions and does not form a cement in the sand tanks. 

For illustration, a ton of deposited calcium sulfate crystals and shme, 
if fed slowly or rapidly into the Chilean mills, forms a band of cement 
sand in the leaching vats and redeposits throughout the plant. If, 
however, 10 tons of this material is fed into the '^kominuters^' and 
thence through the roasters, meeting a heat of 870° C. or higher, it 
cannot be noticed in the cyanide plant. 

It is commercially possible to roast ores so that they may be treated 
with the ease of a free-cyaniding raw ore; this is what we call an ^^over- 
roast.” Such ore can be extracted to a finished residue in a good stand- 
ard cyanide plant. Chemical consumption is held at a minimum. 
Standard classification is sufficient and no change of solution is necessary. 
Dissolution is rapid and reaches a definite end point. But the roast is 
decidedly more expensive, and the final residue much richer than that now 
obtained. 

Table 2 shows the value of typical sand residues from class B ore, 
first that from an over-roasted ore, and second, an average sand residue 
such as is now obtained. 


Table 2. — Value of Sand Residues from Class B Ore 


Over-roasted Ore Average Residue 


Screen Mesh 

Weight, 

Per Cent. 

Gold, 

Ounce 

Weight, 

Per Cent. 

Gold, 

Ounce 

Over 20 



1 

0.01 

20-30 

4 

0.03 

5 

0 01 

30-40 

14 

0.04 

15 

0 01 

40-60 

23 

0 05 

35 

0.02 

60-80 

14 

0.04 

lie 

n no 

80-100 

16 

0.05 

|16 

U UZ 

100-150 

11 

0.06 

12 

0 02 

150-200 

10 

0.09 

13 

0 02 

Below 200 

8 

0.12 

3 

0 04 


100 

0.0571 

1 100 

1 

0.0185 


The slime residues show even a greater difference in gold content due 
to over-roasting, the difference being more marked in class B than 
class A ores. 

Having found that a better residue could be obtained by a cheaper 
and, as [indicated by ordinary sulfur analyses, a less complete roast, it 
was decided to attempt a more efficient treatment by more delicate 
roasting. This required a quick method of chemical testing and the 
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use of pyrometers to help regulate the temperature of each roaster 
continuously. 

Chemical tests were employed for governing the roast. For class A 
ores a simple analysis of total, soluble, and insoluble sulfur is a suffi- 
cient guide to an experienced fireman, which, with the temperature and 
appearance of the roaster, soon enables him to regulate his fires. The feed 
is changed only by the foremen. 

Rapid Methods of Analysis for Sulfur in Ores 

Total Sulfur in Roasted Ore 

Weigh out 1.373 gm. ore, add about 11 drops of a saturated solution of KCIO 3 
in HNO 3 , and two or three drops of HCl. Take down to complete dryness to render 
Si 02 insoluble, but do not make too hot or H 2 SO 4 will be driven off. Cool, add 5 c.c. 
HCl, boil off excess, add about 25 c.c. hot H 2 O, and boil. 

Remove from heat, make alkaline with smallest necessary amount of 1 : 1 NH4OH 
to precipitate iron and leave supernatant liquid clear. Filter and wash twice with 
hot water. Put filter paper and contents back into same beaker, break filter with 
10. to 20 c.c. hot water, and add just enough HCl to dissolve hydrates; put on hot 
plate a few minutes till solution is effected, then reprecipitate as before with smallest 
necessary amount of 1 : 1 NH4OH, filter and wash into same beaker containing' first 
filtrate. Make filtrate acid with HCl, boil, add a few drops HCl (to prevent boiling 
over when BaCb is added) and then an excess of boiling BaCb; settle, cool, filter on 
best double filter paper, wash twice with water, once with 1 : 1 HCl, then 10 times 
with water; ignite and weigh BaS 04 . 

HCl-soluble Sulfur in Roasted Ore 

Weigh out 1.373 gm, ore, add about 30 c.c. N/10 HCl solution, boil 10 min., 
filter, and wash well with hot water. Refilter through a new double paper and wash 
well. Boil, add a few drops HCl and an excess hot BaCb solution. Settle, cool, 
filter on double paper, wash, ignite and weigh. 

The insoluble sulfur is obtained by difference. 

Na2COz‘-soluhle Sulfur in Roasted Ore 

This is run as a check on the HCl method. It gives an insoluble sul- 
fur that is usually about 0.03 per cent, higher than the HCl, the notable 
exceptions being a bad roast on a lime bed, when it may go 0.05 to 0.10 per 
cent, higher. 

Weigh 1.373 gm. ore, boil 10 min. with 30 c.c. N/Na 2 C 03 solution, filter and wash 
well with hot water. Add about 4 c.c. HCl to filtrate, or till acid, boil out CO 2 , make 
just alkaline with a few drops 1 : 1 NH4OH and boil out NH3. Filter and wash with 
hot H 2 O, acidify filtrate with HCl, boil, add a few drops HCl and an excess of hot 
BaCl 2 solution, settle, cool, filter on double paper, wash, ignite, and weigh. 

Class B ores cannot be roasted correctly even approximately by 
reliance upon visual judgment. The same soluble and insoluble sulfur 
analyses must be made, but these do not distinguish between the soluble 
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CaS 04 and CaS, the first of which is harmful principally in setting the 
sand tanks, while the second interferes greatly with the extraction. 

The usual analyses, therefore, combined with our custom of getting 
only one report a day, proved too slow to prevent bad roasts, and it was 
found advisable to develop a quick reliable test for soluble sulfides, by 
means of which a check could be kept on each individual roaster. Arlo 
C. Greenawalt was detailed to devote his entire time to developing a 
method. After trial of all available text-book methods, he decided upon 
the following as the best practical method. 

Rapid Determination of Soluble Sulfides 

Weigh 15 gm. roasted ore crushed through. 80 mesh into a 150-c.c. casserole. 
Pour onto it 50 c.c. boiling 5-lb. KCN solution, containing 12 lb. NaOH per ton 
(0.6 per cent.). Boil for 15 min., then filter by aid of a vacuum into a 100-c.c. gradu- 
ated cyhnder. Wash well with hot water and bring volume of filtrate up to 50 c.c. 
Mix contents thoroughly by inverting the cyhnder several times. Extract two 
samples of 10 c.c. each. To one sample add an excess of KAg(Cn )2 solution and about 
1 gm. dry CaO. To the second sample add about 2 gm. dry PbCOa. Heat solutions 
to boiling, filter and wash well with hot H 2 O. Add 3^ c.c. of 1 per cent. KI solution 
to each filtrate, and titrate with AgNOs (13-038 gm. per liter). Subtract the amount 
of AgNOs used with the solution to which PbCOs was added, from the amount used 
with the solution to which KAg(CN )2 was added. To obtain percentage of soluble 
sulfides, multiply this difference by 0.16415. 

Explanations and Precautions 

The above method is based on the fact that when KAg(CN )2 is added 
to a solution containing alkaline sulfides, b definite amount of free 
KCN is formed for every atom of silver that combines with the soluble 
sulfur to form Ag 2 S, the equation being 2KAg(CN)2 + K 2 S = Ag 2 S 
+ 4 KCN. 

It is necessary that the solution of KCN be boiling before adding to 
the ore, as oxidation of the sulfides will take place in a cold solution. 
NaOH is added to make the solution alkaline, as results cannot be ob- 
tained in acid solution. 

A weak KCN solution should be used, as it will take the sulfides 
into solution readily, and will require a minimum amount of AgNOs 
for titration. 

When KAg(CN )2 is added to the solution, the precipitation of Ag 2 S 
is usually incomplete and the precipitate seems to be partly colloidal. 
The CaO is added to coagulate the precipitate, and boiling insures 
complete precipitation. 

The wash water should be hot in order to prevent oxidation of the 
sulfides to sulfates, which occurs if solutions are allowed to cool. 

The addition of KI before titration corrects errors due to the presence 
of caustic alkalies. 
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Titration of solution to which PbCOs was added gives the original 
cyanide present. Titration of solution to which KAg(CN )2 was added 
gives the original cyanide plus the free cyanide that was formed. The 
difference between the two, or the free cyanide, is directly proportional 
to the amount of soluble sulfides present in the solution. 

The calculation of the value of 1 c.c. AgNOs (13.038 gm. per liter), 
in terms of percentage of soluble sulfides, is as follows : 

KCN = 65.11. KCNS = 97.18. S = 32.07. 

1 c.c. AgNOa = 0.01 gm. KCN. 

65.11 97.18 = 0.01 a: 

X = 0.01492 gm. KCNS per c.c. AgNOs. 

32.07 ~ 97.18 = a; -r- 0.01492 

X — 0.004924 gm. sulfur per c.c. AgNOs. 

0 .004924 X j00 ^ ^ 

15 

With 15 gm. ore taken for analysis, 0.03283 X 5 = 0.16415 = percent, soluble 
sulfides per c.c. of AgNOs, as titration took place in 10 c.c. and the total volume was 
50 c.c. 

If the volume should happen to be larger than 50 c.c., say 57 c.c., 
the factor is obtained thus: 5.7 X 0.03283 = 0.16696 = per cent, soluble 
sulfides per c.c. AgNOs. This method can be run through with nine 
roaster samples in about 1}4 hr-, and, while not absolutely accurate, is 
the best we have found, and is sufficient for controlling the feeds to the 
roasters, when the temperatures, as noted above, are maintained. 

The limits of insoluble sulfur are: Class A, 0.10 per cent.; class B, 
0.15 per cent. The limits of soluble sulfide are: Class A, 0.10 per 
cent.; class B, 0.15 per cent. 

Experience has shown that class B ores give good residues with 
higher total and insoluble sulfur and soluble sulfide, than class A. 
The chemical reasons for this are still obscure, but it is possible that the 
interaction between the sulfates and sulfides in the roasters, as noted 
above, gives a larger amount of each as a secondary reaction, and these 
then do not have so deleterious an effect in the treatment. 

Opebating Conditions in the Cyanide Plant 

The decision to adopt the above-mentioned more efficient and more 
delicate treatment necessitated a more carefully planned and flexible 
cyanide plant, specially arranged to cope with the ore thus roasted. 
The following are the more important operating factors: 

1. Substitution of blanket concentration of gold for plate amalgamation. 

2. Elimination of colloids, so far as possible, from the part of the ore to be 
leached. 
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3. Ability to change solutions quickly on both sands and slimes. 

4. Filling the leaching tanks with a semi-dewatered product. 

5. Aeration of slimes soon after classification. 

6. More time of agitation. 

7. Use of the Crowe vacuum system of precipitation. 

1. Amalgamation plates are decidedly more sensitive to unfinished 
roasting than is cyanide solution. The coarse gold is coated with an 
alloy which dissolves slowly and is not wetted by quicksilver. 

Blankets catch this gold effectively and the particles amalgamate read- 
ily when the surface is abraded. The amalgamation treatment includes 
a small arastra, followed by a grinding pan with universal joint between 
yoke and muUer, and followed by another arastra. The tails are re- 
blanketed before passing into the main mill flow and the final concentrate 
is amalgamated in a barrel in strong cyanide solution. 

2. The elimination of colloids from the sands is perhaps the most 
important detail of all. Unless the sands leach exceedingly fast, a 

slip-up’’ in one roaster will cause the complete deoxidation of solution 
before it reaches the filter bottom, causing a rich residue. If the leaching 
charge channels perceptibly, the same condition develops in patches. 
Moreover, in the class B ores there is a marked tendency for the sands to 
set while leaching. Freedom from colloids distinctly minimizes such 
tendency. 

It was not until 1915 that the more basic ores began to arrive in large 
quantities and changes in treatment became imperative. There was no 
available floor space for step classification, and the clumsiness and the 
expense of a series of cones and pumps were not attractive. The problem 
was solved by the installation of the Dorr bowl classifier, which makes a 
separation as efficient, on this class of work, as any ordinary three-stage 
classification, uses less floor space than was necessary before, requires the 
minimum of attention, additional solution, and power, and of which the 
cost for installation and operation are less. 

Our plant requirements are: For the slime plant, all material must 
pass through 100 mesh and not over 12 per cent, remain on 200. For the 
leaching plant, the sands must be free from colloids. 

Between these limits, the feed to the classifiers may vary from the 
product of two Chilean mills — 400 tons of ore — ^to six Chilean mills — 1200 
tons — without any classifier adjustments. This is useful, since we 
control our power peak at the Chilean mills. 

3. Change of solution must be made quickly to allow a good margin 
between an over-roast and an under-roast. On the sands, it is done by 
the back flow or wash solution in the classifiers. 

The slimes flow to a 50-ft., connected-type Dorr tray thickener. 
The compartments are shallow and the settling capacity always ample. 
Under these conditions, the slime is quickly passed through as thickened 
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product. This thickener 
practically clears itself of 
slime in half an hour 
after the feed is shut 
off. The pulp then 
goes to a mechanical 
agitator containing per- 
forated air pipes, where 
the first change of solu- 
tion is made. 

A further change of 
solution and partial de- 
cantation is made in tray 
thickeners of the open 
type. The pulp then 
passes to agitators. 

4. To fill sand tanks 
by methods such as But- 
ters’ distributors, though 
mechanically cheaper 
than the present method, 
has the chemical dis- 
advantage of allowing 
the sand to rest too long 
in a dead solution in the 
early stages of treat- 
ment. It might be pos- 
sible to overcome this, 
since the sand has been 
cleaned, by opening the 
valves and draining the 
solution off and back to 
the crushing plant. The 
possible saving in cost 
of operation over the 
present semi-dry method 
of belt conveyor and 
distributor is very small, 
and the method is not 
as safe from a chemical 
standpoint. 
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Fig. 1. — Elevation op Dorr duplex 8 by 25-ft. classifier equipped with 12-pt. bowl. 
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5. Aeration of slimes immediately after classification is very effective 
— probably such aeration almost instantly gets rid of the unstable soluble 
sulfides. We attempt to do it fairly fast without additional agitation 
storage. Possibly, if room permitted, an aerating agitator between clas- 
sifiers and first settler would be more effective. 

6. It is found that a roast giving the lowest residue also gives a slow’- 
treating slime. Therefore excessive agitation is a good safety insurance, 
and the additional agitation is obtained in a 37 by 23-ft. Dorr agitator, at 
a cost of 4 mils per ton. 



Fig. 2. — Dokr duplex classifieb with 6-ft. bowl. 


7. The precipitation of solutions from moderately roasted ores, espe- 
cially of the more basic type, has been distinctly difficult. A marked 
improvement in effectiveness and cost has been made by the installation 
of^the Crowe vacuum system of precipitation. 

Conclusions 

There is room for argument regarding the relative efficiency of treating 
roasted ores in an all-sliming cyanide plant, or in a combination slime and 
leaching plant. The all-sliming plant is probably less costly to install, 
and it reduces the number of metallurgical problems. This ore, 
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however, after roasting, does not require finer grinding than 20 mesh. 
Further grinding, even in normal times, costs more than the extra recovery 
attained. 

The slimes from a roasted ore have small adhesive qualities and are 
incapable of sustaining much sand. This limits the type of cyanide 
apparatus available, unless the all-sHming process is carried far beyond 
the economical crushing limit. 

Undoubtedly, under local conditions, the residues can be dumped far 
more economically from a combination slime and leaching plant than 
from an all-slime process. 

The ore is high grade and requires a high-strength cyanide solution, 
thus limiting the effectiveness of the counter-current decantation system, 
although this system is partially used with good effect in the present slime 
plant, both as a help in extraction and in washing the values from the filter 
cakes. 

If the sands are sufficiently* eliminated from the slime product, the 
latter is an ideal filtering material; but, even so, the filter department is 
more expensive to operate, requires more care and more wash solution per 
ton of ore, and loses more c^^anide and gold mechanically than the sand 
plant. 

The deciding feature between the two types of plant lies in the possi- 
bility of consistent efficient classification. With poor classification, the 
advantages lie with the all-sliming process. With good classification, the 
balance swings decidedly to the combination plant. 

The authors were asked to write upon the subject of roasting sulfo- 
telluride ores for cyaniding. The roasting is so interdependent upon the 
mechanical and chemical details of the cyanide plant that the former is un- 
intelligible without knowledge of the interlocking features of the latter. 
This is our excuse for the length of detail in this paper. 

DISCUSSION 

J. M. Tippett,* Colorado Springs, Colo.^ — There are several points 
which offer ground for discussion, although the authors’ indicated results 
leave small chance for argument. Under classification of the ores as 
they come to the mill, it will be noted that these are classified according 
to their lime contents. In previous years the classification was based 
upon sulfur contents, CaO not being considered; class A would be called 
the oxidized ore and class B the sulfides. Classification according to 
CaO is the first public indication that a decided change in the ore has 
necessitated improved methods of treatment. The very serious effect 
that CaO, even in small quantities, has upon extraction has been noted 
for some years. 

* Superintendent, Colorado Springs Milling Dept., Portland Gold Mining Co. 
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The bedding of the ore is an interesting point; 66 per cent, of the ore, 
containing not more than 2 per cent. CaO, is called Bed A, while 34 per 
cent., containing over 2 per cent. CaO, goes to make Bed B. Why could 
not all the ore be put into one bed in which the CaO would average ap- 
proximately lyi per cent.? This would obviate the necessity for regula- 
tion, and would avoid poor roasts and loss of tonnage. No doubt there 
are good reasons why this is not done; first, can the two classes of ore be 
uniformly mixed? If this could be accomplished, then feed and heat 
conditions in the roaster could undoubtedly be regulated satisfactorily. 
Second, if the class A ores contained more than average sulfur, the ill 
effect of mixing it with a high CaO ore would be more pronounced. 

Since roasting is the most important step in the treatment of these 
ores, it may pay to examine the different types of mechanical roasters in 
general use. These are the Holthoff straight-line, the Pierce turrett, 
and the Edwards. In the first two roasters, the rabbles carry the ore 
forward through the roasting hearth in practically the same manner. The 
Edwards roaster operates quite differently, in that the ore, on its passage 
through the roasting hearth, passes from one side of the roaster to the 
other many times before it is discharged, thereby increasing the time dur- 
ing which the ore is subjected to heat. 

In describing the process of rabbling, it is stated that with 27 pairs of 
rabbles, making 3 r.p.m.,the time the ore is passing through the roaster is 
6 hr. In the Pierce and Holthoff roasters the maximum time is 3 hr. 
The greater length bf time during which the ore is subjected to heat, and 
the rapid rabbling which exposes fresh surfaces of ore more frequently, 
are two important features of the Edwards roaster which the other types 
do not possess. 

The remarkably poor sand residues are an indication of good roasting 
followed by careful classification. It would have been interesting to state 
the assay of the residues from the product finer than 100-mesh, which is 
approximately 30 to 50 per cent, of the total ore treated. Part of this 
product consists of what I would term the natural slime in the ore, exist- 
ing as talc and vein matter, which generally contains values. It is this 
product, together with the portion finer than 100-mesh made in crushing 
before roasting, upon which it is difficult always to obtain a low-grade 
residue. 

A. L. Blomfield (author’s reply to discussion*). — Mr Tippett’s 
questions are to the point. The classification of the raw ore above and 
below 2 per cent. CaO has been arrived at by practical results. We have 
found that the high-lime beds are not improved by mixing with the so- 
called siliceous ores, while the residues from the latter come up to the 
high-lime level when even a small proportion of high lime is present. 


Received Apr, 28, 1919. 
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Time and again the plant has been run with beds containing all the ore 
mixed, but the results have never been as good as when the high-lime 
ores are run separately. Since the paper was written, the ores forming 
beds of over 5.5 per cent. CaO have increased from 34 per cent, to 55 per 
cent. T^ie sulfur content is practically the same in each type of bed. 

Mr. Tippett^s comparison of the Holthoff and Pierce types of roaster 
with the Edwards, bears out our opinion. The former have longer 
periods between rabbling with more chance of overheating and sintering 
the exposed surfaces. 

The value of the slime-plant residues on meshes finer than 100 cor- 
responds closely to those of similar mesh in the sand tanks given, except 
that the minus 200-mesh product is between 10 and 20 c. higher. This 
is due to this minus 200-mesh material being largely colloidal whereas 
the minus 200 in the leaching plant is a clearly defined sand; it is invariably 
the rule on Cripple Creek ores that the colloid residues contain the most 
insoluble gold. 
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Introduction 

Silica brick are indispensable in the manufacture of steel because they 
alone are able to withstand the high temperature of regenerative furnaces. 
All attempts to replace silica brick by other refractory materials for this 
purpose have failed, but the reason for this failure has remained obscure; 
we shall give an explanation later in this paper. 

Before the war, silica brick employed in France came principally from 
abroad, for which reason, since the beginning of hostilities, certain French 
steel works have been seriously handicapped. Our attention was first 
directed to the question by M. Bied, Engineer of the Teil Works. With 
him, we began certain investigations, at first using our laboratory and 
the furnaces of neighboring steel works. The larger part of our experi- 
ments, however, have been made in the laboratory of the Faculty of 
Sciences at the Sorbonne. For the heating of our samples, we are deeply 
obliged to MM. Charpy, Yeatmann and Guerineau. In undertaking 
these studies, our first aim has been to render assistance to French 
industry, by indicating, as precisely as possible, the necessary conditions 
for the manufacture of high-grade brick; but at the same time we have 


* This paper was submitted to us in manuscript form by M. Le Chatelier, who 
called our attention to the fact that it had already been published in the Bulletin de 
la SodSte de V Industrie Mind-ale, 3d livraison de 1917, page 49. On account of this 
previous publication, it has not. seemed necessary to reproduce the paper in our 
Transactions in the form of ^ literal translation, and the editor has therefore not 
attempted to conform exactly to ihe language of M. Le Chatelier. The importance 
of silica brick in the American steel industry, and the eminence of M. Le Chatelier 
in this field, together give ample justification for the reproduction of this paper in the 
English language. 
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intended to give an example of the manner in which scientific methods 
may be put to practical application in the solution of industrial problems. 
Although our work has been confined to samples of only a few grams, we 
are nevertheless convinced that our information can be directly utilized 
by brick works of which the output is measured in thousands of tons. 

Methods of Investigation 

As to what are the most important and necessary qualities of silica 
brick, if one were to ask the steel metallurgists they would almost 
unanimously reply that there was only one, namely, that the brick 
should permit the greatest possible number of runs without necessity 
for repairing the furnace roofs; they might suggest 400 runs as a satis- 
factory figure. Durability, however, is not the only factor. The brick 
have to be transported from the factory to the steel works without being 
injured by the jar or by freezing; many otherwise satisfactory bricks will 
not satisfy this last condition. It is further necessary that the brick 
shall not be too expensive, in order not to add unnecessarily to the price 
of the manufactured steel. The fundamental requirements, therefore, 
are the following: (1) durability of the furnace; (2) durability in trans- 
port; (3) moderate price. 

Destruction of Furnace Roofs 

Considering first the subject of durability of furnaces, the processes by 
which furnace roofs are destroyed can be answered by the direct observa- 
tion of those in charge of furnaces. Our inquiries along this line did not 
meet with great success; only two steel works, the Ruelle Foundry, and 
the Chaussade Works, have been able to give us precise information, 
but unfortunately contradictory. One of these works has assured us 
that the roofs of Martin furnaces are almost invariably destroyed by 
progressive decrepitation under the action of heat. The other works, on 
the contrary, has assured us that similar furnaces are destroyed almost 
exclusively by melting. The brick manufacturers, on the other hand, 
have given us still a third reason, the ignorance or negligence of those in 
charge of the construction and operation of the furnaces. The engineer 
may have designed the profile of the furnace badly, not placing his burners 
in the most desirable place, or applying the first heat of the furnace too 
abruptly. The builder may have erred in shaping his bricks carelessly 
and laying them irregularly, so as to produce local pressure suiBScient to 
occasion rupture. Above all, the heat may melt the roof of the best 
furnace, sometimes in a few hours, if the gas is badly regulated or if 
the reversals of flame are at too long intervals. From the discussion 
of this contradictory information and from suggestions found in different 
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foreign publications we have arrived at the provisional conclusion that 
the destruction of the roofs of steel furnaces may arise from five possible 
different causes, ranking in the following order of diminishing importance: 

1. Superficial spalling of the brick under the influence of the highest 
temperatures developed in the furnace. This phenomenon is often no- 
ticed in the form of a continuous rain of little fragments, the falling of 
which may, after a few days, lead to the entire disappearance of the brick. 
This source of destruction depends upon two properties of the brick: 
Expansion of silica under high temperatures, and lack of mechanical 
strength at high temperature. 

2. Superficial melting of the brick. Brick always melts superficially 
and continuously under the action of the spattering slag; this normal 
destruction of brick may continue for several months before leading 
to an actual cavity in the roof. Often, however, the brick will melt all 
at once for a considerable width, several centimeters at a time, by which 
means the normal destruction of the brick may be multiplied by 10 or 
more. This phenomenon depends upon the fusibility of the brick itself 
and upon its permeability, which facilitates the absorption of slag. 

3. Flaking or shelling of the brick in the less intensely heated region. 
This begins to occur during the warming of the masonry, and below red 
temperature, and continues in the more remote parts after the furnace 
as a whole is considerably hotter. The brick, thus fractured, may then 
become detached and fall from the roof. This phenomenon is caused 
by the excessive dilation which is shown by all crystalline silicas at their 
temperatures of reversible transformation. Quartzose rocks decrepitate 
at a temperature of about 570°; cristobalite, around 230°, undergoes an 
abrupt change in dimensions, of very important character; tridymite, 
finally, at about 150° undergoes a change of slight importance. This 
tendency to rupture is offset by mechanical resistance of the brick and 
by its structure, that is to say, by the size of its grain and its amount of 
porosity. 

4. Dislocation of the roof by excessive expansion. In furnaces made 
of silica brick, the roof always rises more or less when the furnace is first 
put into operation; this rising often becomes excessive and very irregular 
from point to point, which then leads to the falling in of the roof. This 
dislocation results, the same as, spalling, from expansion of sihca. If the 
brick is sufficiently resistant, and, is heated over a considerable width all 
at once, it does not spall but causes the roof to rise. 

5. Collapse of the roof. The frequency of this accident with clay, 
magnesia, and alumina brick, makes it impossible to use these materials 
for the construction of the roofs of furnaces intended to maintain very 
high temperatures. Collapse will also occur, but very rarely, in furnaces 
made of sUica brick. Collapsing results from the softening that precedes 
fusion and therefore depends upon the same factors as fusibility. It is 
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very rare in silica brick, being counterbalanced by the expansion of the 
quartz resulting from its transformation into silica of low density. 

The reasons for the destruction of furnace roofs, and the properties 
of the brick upon which these depend, can now be tabulated as follows: 


Causes of Destruction 

1. Spalling 

2. Fusion 

3. Flaking or shelling 

4. Dislocation of the roof 

5. Collapse 


Properties of Brick 

1. Fusibility 

2. Compressive strength at high temperatures 

3. Permeability 

4. Expansion 

5. Dilation 

6. Compressive strength at ordinary tem- 

peratures. 


It would be hazardous to assert that this list is absolutely complete, 
but if any phenomenon has been omitted it is for the engineers of steel 
works to inform us. 


3. The Tridymite Network 

It is well known that silica exists under five different allotropic forms, 
as shown in Table 1. 


Table 1. — Allotropic Forms of Silica 



Density 

Temp, of 
Transformation, 

“ C. 

Abrupt Change 
in Linear 
Dimensions, 

Per Cent. 

Quartz 

2.65 

570 

0.25 

Cristobalite 

2.34 

225 

1.00 

Tridymite 

2.27 

150 

0.10 

Cbalcedony 

2.58 

570 

0.10 

Glass 

2 22 







Quartz is the universal raw material for the manufacture of silica 
brick. Deposits of -quartz can be grouped into four distinct classes: 
(1) Quartz veins, consisting of large crystals adjoining one another, forming 
translucent or opalescent white masses. (2) Quartzite (Figs. 3, 4, 5, 
and 6), metamorphic rock in which the grains of quartz are so strongly 
cemented together that upon breaking the rock the fractures traverse 
the grains of quartz rather than their boundaries. Quartzite contains 
impurities in variable proportion, sometimes lodged between the grains, 
like mica, sometimes included in the quartz crystals themselves, as oxide 
of iron, for example. (3) Sandstone (Figs. 1 and 2) , the grains of which are 
combined by a cement having but little resistance, in which fracture 
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occurs by the separation of the grains, giving a dull luster to the fractured 
surface. (4) Sand, the grains of which are separated. The purity of sand 



Fig. 1. Fig. 2. 


Fig. 1. — Carbonaceous sandstone from Sheffield; ganister, used for 

THE MANUFACTURE OF SILICA BRICK. DISSEMINATION OF MICA BETWEEN THE 
QUARTZ GRAINS. NATURAL LIGHT; MAGNIFICATION, X 136. 

Fig. 2. — Same sample as Fig. 1, under polarized light. 

is very variable; that of Fontainebleau analyses 99.5 per cent, silica; 
after this come the yellow argillaceous sands, and finally sandy clays. 



Fig. 3. Fig. 4. 


Fig. 3. — Souvigny quartzite, with dull fracture. Material of first 
QUALITY. Polarized light; magnification, X 136. 

Fig. 4. — Souvigny quartzite, with ribbon structure. Material of 

SECOND QUALITY. CHALCEDONY CONCRETIONS ABOUT THE QUARTZ GRAINS. PO- 
LARIZED light; magnification, X 136. 


An important character of sand is the uniformity in size and shape of 
its grains, which are objectionable features for the manufacture of brick. 
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Most factories employ quartzite containing not more than 3 per cent, 
of basic oxides, and mix with it 2 per cent, of lime. The crushing of the 
rock is conducted in such manner as to preserve a number of large grains, 
having a maximum size of between 5 and 10 mm. The firing is performed 
at a high temperature, much above that employed in the manufacture 
of clay brick, and is maintained for a much longer period. This tem- 
perature may vary from 1350° to 1450° according to the nature of the 
quartz and the ease of its transformation. 

Firing progressively reduces the density of the silica; quartz trans- 
forms first into cristobalite and finally into tridymite, as one of us has 
shown 25 years ago. These are the basic facts upon which our researches 
were conducted. 



Fig. 5. Fig. 6. 

Fig. 5. — Quartzite containing chalcedony. This disintegrates on firing 

AND CANNOT BE USED FOR THE MANUFACTURE OF SILICA BRICK. POLARIZED LIGHT; 

magnification, X 136. 

Fig. 6. — Quartzite with deformed grains, cemented by opal or chal- 
cedony. Undesirable for the manufacture of silica brick. Polarized 
light; magnification, X 136. 

Compressive Strength of Refractory Products 

Before attacking the problem of the manufacture of silica brick, we 
have sought to answer an allied problem: Is it possible to find certain 
measurable properties of refractory products which will explain the 
superiority of silica over clay, alumina, and magnesia? An exact 
knowledge of the reason for the superiority of silica brick would certainly 
be a valuable guide to determine what properties are the most important 
to develop in the manufacture of refractory materials. One difficulty in 
explaining the superiority of silica brick has been that in previous ex- 
periments it has been noted that the melting point of silica brick was 
not higher than that of other refractory products. Kaolinite melts at 
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1800°, the same as silica; alumina and magnesia melt at much higher 
temperatures. These latter materials should, therefore, afford brick 
at least as good and perhaps better than quartz. Instead of determining 
simply the melting point, as has often been done before, that is to say, 
the temperature at which the material yields under a pressure of only a 
few grams per centimeter, we decided to measure the compressive re- 
sistance of these materials throughout the whole field of temperature. 

The experiments were made in a small furnace, heated by a blast of 
illuminating gas. The furnace, having an interior capacity of 500 c.c., 
gave a temperature of 1600° at the end of half an hour, with a gas con- 
sumption of 3 cu.m, per hour. The walls of the furnace were made of 
corindite (melted bauxite) cemented with a little sodium silicate; 
this material seemed to resist the action of heat indefinitely provided 
it was not required to support any load. The samples to be tested were 
in the form of little cubes, 1 cm. on a side, cut out of the bricks to be 
studied. Pressure was transmitted to them through a bauxite cylinder 
previously heated to a temperature of 1600°, penetrating the roof of the 
furnace. The temperature was measured by a thermo-electric couple 
attached to the sample. The results were as shown in Table 2. 


Table 2. — Crushing Strength of Bricks at Different Temperatures 
(Pressures in kg. per sq. cm.; temperatures in ° C.) 



15 ® 

! 500 ® 

1000 ® 

1300 ° 

1400 ° 

1500 ® 

1600 ® 

Silica (Star brand) 

170 

150 

I 120 

75 

60 

48 

30 

Kaolin 

190 

180 

; 210 

90 

(12) 

i (1) 

(0.5) 

Euboean magnesia 

420 

380 

! 320 

270 

! 240 

; (185) 

(8) 

Styrian magnesia 

145 

130 

85 

66 

1 

1 (5) 

1 

1 (3) 

1 

(1) 


It is thus apparent that at 1600°, which is still 100° below the tem- 
perature of the Siemens-Martin furnace, silica brick has a compressive 
strength very much higher than that of the other refractory products. 
Furthermore, a factor which is of no less importance, the silica brick 
broke abruptly at all temperatures; they did not register any progressive 
deformation before rupture. With clay and magnesia brick, on the other 
hand, the observations were entirely different. At temperatures below 
1000° they broke abruptly like rigid bodies, but at higher temperatures, 
above a limit varying according to the purity of the material, the brick 
3 delded little by little, like- plastic matter. If, instead of making these 
tests in about one minute^s time, as in our investigations, the application 
of the force had been prolonged for 1,000,000 times longer, as occurs in 
the roofs of furnaces, the brick would have yielded under pressures 
so small as to be practically negligible, having somewhat the character 
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of rosin at ordinary temperature. In order to rupture such materials 
abruptly, an irnpact is necessary; left to themselves, they yield under 
their own weight and spread out level like a liquid. 

The transformation from complete solidity to complete viscosity is 
obviously progressive. Within a certain range of temperature, an initial 



Plate I. — Variation in the crushing strength op refractory products at 

DIFFERENT TEMPERATURES. 

deformation is followed by a true rupture. Complete viscosity is 
definitely attained above the following temperatures: 

Degrees C. 


Silica brick 1700 

Euboean magnesia 1500 

Styrian magnesia 1300 

Kaolin brick 1300 

Ordinary refractory brick 1200 
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It is very easy, in the test, to distinguish between these two methods 
of rupture. In the case of complete solidity, the sample breaks abruptly 
and the whole compression apparatus comes together with a jar. In 
the case of viscosity, the beam of the pressure machine falls progressively 
and continuously. The sample is first compressed upon itself^ by the 
closing of its spaces, then it expands in the form of a barrel, then bursts on 
its periphery, and finishes by breaking or not, according to its solidity. 
In the intermediate stage between solidity and complete viscosity, the 
two methods of deformation can be successively observed. The sample 
first yields progressively, then breaks more or less abruptly, throwing 
out fragments. The remaining mass has no further solidity; on the con- 
trary, the fragments thrown out by the bursting of completely viscous 
material resume their original solidity after cooling. 


Recrystallization of Silica 

This ability of silica brick to preserve their rigidity at the very highest 
temperatures explains their superiority for furnace manufacture. As 
a means of reducing this factor to its simplest terms, we began with an ex- 
amination, under polarized light, of thin sections cut from bricks of 
good quality, one marked American Star^^ and the other marked ‘‘Im- 
phy,’’ these being the two bricks which showed the highest compressive 
resistance at 1600°, namely 30 and 40 kg. per sq. cm. They were com- 
posed of large, easily recognizable grains of the original siliceous rock, 
completely transformed into cristobalite and surrounded by a magma 
formed of little elongated crystals of tridymite (Fig. 7). The rigidity 
of the brick is evidently due to the crystallization of tridymite, which 
forms a continuous network, in the meshes of which the fusible silicates 
are -lodged. The presence of these latter materials does not detract 
from the solidity of the mass any more than water in the cells of pumice 
stone would diminish its strength; in both cases the solid network is 
unbroken. 

In magnesia brick, on the contrary, and also in clay brick, at least 
in those manufactured under ordinary conditions, this recrystallization 
does not occur. The slightly fusible material, magnesia, forms isolated 
grains which are surrounded, at ordinary temperatures, by a magma of 
very solid silicates; the latter, however, melt at around 1300°, if ferru- 
ginous, or at about 1500° if purely magnesian. Above these temperatures, 
therefore, the solid grains swim in a melted mass and can slide on one an- 
other; the more fluid the magma, the more readily they slide. 

The formation of this continuous network of silica is exactly parallel 
to the phenomenon observed in the hardening of cement. A mixture 
originally consisting of isolated grains, when tempered with water, is 
progressively transformed by chemical reaction into a coherent mass. 
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In the same manner, the isolated grains of quartz in a brick become set on 
contact with melted sihcates, which operate as solvent. 

Quartz is unstable at temperatures above 800°, but owing to its re- 
markable passive resistance, it is able to remain for a long time in that 
condition at very high temperatures, even up to 1 600°. If it is then brought 
into contact with a solvent, melted silicates for example, it dissolves 
in that with a readiness very much greater than that of the more stable 
forms of sihca, cristobalite and tridymite. This is due to the unanswer- 
able and thoroughly established laws of physical chemistry. The quartz 
thus gives rise to supersaturated solution, from which one of the more 
stable varieties soon begins to crystallize. The melted mass, now being 



Fig. 7. Fig. 8. 


Fig. 7. — Well fired American brick, with network of tridymite between 

THE QUARTZ GRAINS, WHICH ARE ALMOST COMPLETELY TRANSFORMED INTO CRIS- 
TOBALITE. Polarized light; magnification, X 136. 

Fig. 8. — Assailly brick, remaining for a year in one of the flues of a 
Martin furnace. Complete transformation into coarse-grained tridy- 
mite, with characteristic inclusions. Polarized light; magnification, 
X 136. 


no longer saturated with respect to quartz, is able to dissolve additional 
quantities of it. Gradually, therefore, the entire amount of quartz 
recrystalhzes into the variety that is most stable at high temperatures, 
tridymite. In practice, if the firing of silica brick has not been sufficiently 
long, the proportion of cristobalite, and sometimes even of quartz, is 
greater than that of tridymite in the finished product, if of poor grade. 
Burning for almost a month at the highest temperature of the steel fur- 
nace is necessary to transform silica completely into tridymite. The 
crystals of tridymite thus formed by solution attach themselves to one 
another, as is always the case under similar conditions, and form the net- 
work above mentioned. 
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Quality of Brick 

This explanation for the superiority of silica brick gave rise to the 
question whether variations in quality were not exactly parallel to the 
compressive strength at high temperatures. To settle this question, 
we requested, from different steel works, samples of brick which had been 
used for the construction of furnaces, as to the relative quality of which 
they were able to advise us. The Ruelle and the Guerigny Works sent 
us well classified series of samples upon which we made tests giving the 
results shown in Table 3. The tests on compressive strength at high 
temperatures were made, with some samples as soon as 1600° had been 



Fig. 9. Fig. 10. 

Fig. 9. — Tridymite crystals surrounded by a solution of magma. Brick 

OBTAINED ON DISMANTLING THE ROOF OF A MARTIN FURNACE. COLUMNAR CRYSTALS 
AND RECTILINEAR CLEAVAGES CHARACTERISTIC OF TRIDYMITE. NATURAL LIGHT) 
MAGNIFICATION, X 136. 

Fig. 10. — Cristobalite crystals submerged in a transparent glass. 
Material derived from relining of a Bessemer converter at Sheffield. 
Circular cleavages characteristic of cristobalite. Natural light; 
MAGNIFICATION, X 136. 


reached, while with other samples only after they had been maintained 
at this temperature for one hour. We realized that these two methods of 
proceeding might give different results in some cases. At the same time, 
we made determinations of a number of other physical properties, such 
as absolute density, apparent density, weight of sulfate corresponding 
to basic oxides present, and finally compressive resistance at ordinary 
temperatures. 

The first brick, Assailly, had remained a year in the lining of the out- 
let from a gas producer. The next two bricks, American Star, and G. I., 
of French manufacture, were recommended to us as of particularly good 
quality. The last brick in the Table, RSG, it has not been possible to use. 
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a roof constructed with these bricks having melted on the first application 
of heat. The other bricks were of French, English, and German 
manufacture. 


Table 3. — Features of Certain Silica Bricks 


Mark 

Quality 

Sulfates, 
Per Cent. 

Density 

Crushing Strength 

Absolute 

Apparent 

Temp., 

° C. 

Time, 

Min. 

Kg. per 
Sq. Cm. 

Assailly 

Very good 

13.6 

2.30 

1.92 

15 


550 

Assailly 

Very good 




1600 

60 

90 

Star 

Very good 

9 06 

2 33 

1.66 

15 


170 

Star 





1600 

5 

33 

Star 




— 

1600 

60 

30 

G.I 

Very good 

8 40 

2.33 

1 88 

15 


185 

G.I 





1600 

60 

41 

R.B 

Very good 

13 10 

2 36 

1.60 

15 


62 

R.B 





1600 

60 

9-5 

R.L 

Very good 

14 3 

2 40 

1.85 

'15 


265 

R.L 





1600 

5 

41 

R.L 





1600 

60 

25 

G.A 

Good 

14 0 

2 40 

1.77 

15 


190 

G.A 





1600 

60 

21 

D 

Good 

8 4 

2.45 

1.73 

15 


320 

D 





1600 

5 

55 

D 





1600 

60 

20 

G.A. I 

Very bad 

14 5 

2 46 

1 80 

16 

252 

G.A.I....* 


. . . 


f 

1600 

60 1 

4.4 

R.F 

Very good 

13 7 

2 48 

1.84 

15 


195 

R.F 





1600 


11 

G.A.2 

Very bad 

12 8 

2.48 

1.78 

15 


148 

G.A.2 




\ .... 

1600 

60 

5 

G.M 

Medium 

1 9.5 

1 2.53 

j 1.84 

15 


84 

G.M 


j 



1600 

5 

17 

G.M 


j 



1600 

60 

2 

R.L 

Bad 

9.75 

2.56 

1 1.94 

15 


350 

R.L 

Shatters 


1 

1 .... 

1600 

5 

18 

R.L 




1 

1600 

60 

4.5 

R.S.G 

Bad 

25.0 

2 56 

1.73 

15 


57 

R.S.G 

(melted) 



1 

1550 

60 

22 

R.S.G 


i 

i 

1 

1 ■■■■ 

1660 

! Melted 

1 



All of the good bricks, after being held at 1600° for one hour, showed 
a compressive strength greater than 10 kg. per sq. cm.; most of the good 
bricks exceeded 20 kg., while the poor bricks were below 5 kg. It seems 
evident, therefore, that rigidity at high temperatures is the most essential 
if not the only important quality of silica brick. Most of the good bricks 
have densities below 2.40, the very good ones being as low as 2.33. 
The amount of sulfate in good bricks is below 15 per cent. 

VOL. LX. 10 . 
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Independent Variables 

Table 4 enumerates the essential properties of silica brick, together 
with the elementary factors to which they are more or less directly 
related: 


Table 4 


Properties of Brick 

1. Fusibility 

2. Compressive strength at high tem- 

perature 

3. Permeability 

4. Expansion 

5. Dilation 

6. Compressive strength at ordinary 

temperature 


Elementary Factors 

1. Nature of quartz 

2. Size of particles 

3. Nature of fluxes 

4. Proportion of fluxes 

5. Thoroughness of mixing 

6. Tempering water 

7. Pressure of molding 

8. Temperature of heating 

9. Duration of heating 


Fusibility 

Fusibility depends, in the first place, upon the presence of basic oxides 
mixed with the quartz. Secondly, which may appear somewhat para- 
doxical, fusibility depends upon the conditions of manufacture; certain 
foreign manufacturers go so far as to assert that fusibility depends much 
more on the texture of the brick and their manner of firing than on their 
chemical composition. 

The quartz employed for silica brick is almost never pure, generally 
containing mica; furthermore, the crushing of the quartz always intro- 
duces a certain proportion of iron. The average composition of silica, 
crushed and ready for use, is as follows: Alumina, 1.5; oxide of iron, 
1.0; magnesia and alkalies, 0.5; silica, 97 per cent. As a binder, lime to the 
extent of 2 per cent, is always added, thus making a total of 5 per cent, 
of basic oxides. If this is computed to the condition of sulfate, after 
attack by hydrofluoric acid, it represents a total of 12 per cent, of sul- 
fate; bricks containing above 15 per cent, of sulfate are useless for 
steel furnaces, and, in general, good bricks should not contain more than 
the equivalent of 10 per cent, sulfate. 

The influence of the different basic oxides on increase of fusibility 
should not be exactly alike, but on this point our studies have not been 
conclusive. Oxide of iron seems to have the least influence, since sili- 
cates of iron are decomposed at high temperatures; alumina comes next, 
then lime, and finally alkali, the action of which, even in a small propor- 
tion, appears to be very energetic. 

The effect of the method of manufacture upon the fusibility of the 
brick is unquestionable. Bricks having a perfectly normal chemical 
composition are often found to fuse at the temperature of steel furnaces. 
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giving rise to a granular mass in which the large grains of silica are mobile. 
This arises from the absence of a sufficient amount of fine material in the 
mixture, and from a firing not sufficiently complete to permit the develop- 
ment of a proper network of tridymite. On further heating, the network 
disappears by solution in the magma, leaving between the large grains a 
glass which is less siliceous and more fusible in proportion to the absence 
of fine grains. The examination of thin sections of brick shows very 
clearly that the grains of silica are attacked by the magma only to a 
depth of 0.01 to 0.02 mm. Only grains of 0.03 mm. or less dissolve com- 
pletely in the magma and contribute to the formation of the network. 
Assuming that the amount of grains of this size is only 10 per cent, of the 
total and that 2 per cent, of lime is added; this would represent 20 per 
cent, of the weight of the fine grains and would give a fusible glass in 
which the large grains would swim. According to our investigations, 
the proportion of impalpable material, that is to say, of quartz passing 
through a screen of 4900 openings per sq. cm. (approximately 200-mesh), 
should be at least 25 per cent. Adopting that proportion, at the very 
first test we obtained a compressive strength of 30 kg. per sq. cm. after 
heating for one hour at 1600°, which is comparable to the strength of the 
best commercial brick. 


Shelling or Rupturing 

Shelling or rupturing of brick at low temperatures, which occurs on 
the external surface of brick at the beginning of heating, but may pene- 
trate half way through the brick toward the end of the heating, arises 
principally from the change in volume which the different varieties of 
silica undergo during their reversible transformation. The transforma- 
tion of cristobalite, accompanied by a linear expansion of 1 per cent., is 
by far the most serious. Every time a brick containing a large propor- 
tion of cristobalite passes quickly through the temperature of 225°, 
crevices are produced, which diminish the rigidity of the brick. Accord- 
ing to the experiments of J. Spotts MacDowell,^ a single heating to above 
this temperature, followed by cooling in the air, reduces the compressive 
strength of silica brick by 50 per cent. For this reason, it is impossible 
to utilize silica brick in furnaces which will be allowed to cool periodically ; 
under such conditions, the brick will become fissured and almost com- 
pletely disintegrated in a short time. In steel furnaces maintained 
under constant heat, this accident is most likely to occur during the period 
of preliminary heating. 

This disadvantage of silica brick is offset by their mechanical strength, 
opposing the production of crevices, by the presence of large grains of 


1 Truns. (1917) 67, 3-59 (contains bibliography). 
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quartz, the large spaces between which prevent the spreading of the 
crevices, but, above all, by as complete a transformation as possible of 
cristobalite into tridymite. 

A very striking experiment, which can be strongly recommended to 
all steel-works engineers, consists in placing a silica brick in a small gas 
furnace, or a kitchen stove, and regulating the heat in such a manner that 
the lower surface of the brick is raised to an incipient red in 5 min. ; after 
maintaining the heat for a quarter of an hour, the brick is taken from the 
fire and allowed to cool for the same length of time. After this treatment, 
fragments can be broken off from the brick by hand, and the same opera- 
tion can be repeated. In the case of a brick having absolute density 
of about 2.35, the brick will have been entirely disintegrated at the end 
of the fifth operation. 

On the other hand, a slow and regular heating of the brick prevents 
this disintegration by diminishing the temperature gradient toward the 
interior of the brick. We have been able to avoid all fissuring with a 
brick which fractured easily, under the above treatment, by heating it to 
500° at the rate of 50° per hour, and allowing it to cool at the same rate. 

Wood fires, which are frequently employed for starting the operation 
of a steel furnace, are particularly dangerous by reason of the irregularity 
of their heating effect, regions of high temperature necessarily occurring 
above the points at which combustion is most active. It would be desir- 
able to avoid wood fires at steel works, as has been done at glass works, by 
using currents of hot air with progressively increasing temperatures. 

Expansion 

Expansion, leading to the superficial spalling of brick and warping 
of roofs at high temperatures, is a function of the following factors: 

1. Change in the condition of silica from that of quartz to a material 
of less density. 

2. Mechanical strength of the brick, opposing expansion. 

3. Porosity of the brick, permitting expansion to accommodate itself 
in the spaces between grains. 

4. Rate of increase of temperature during heating. Abrupt heating 
may produce expansion three to six times as great as a slow heating, such 
as is maintained in well conducted kilns. 

When the change from quartz to tridymite occurs in a massive un- 
fractured block, it causes a linear expansion of about 5.5 per cent. How- 
ever, by a suflBiciently slow firing, the apparent expansion can be reduced 
to 2 per cent., that is to say, a value below that of absolute expansion. 
This is accompanied by a parallel diminution in the volume of voids. 
On the other hand, if the heating during the first firing is too abrupt, and 
still more if, after an insufficient firing, the transformation is concluded 
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only in the steel furnace, the linear expansion may reach 10 per cent.; 
there would then be a considerable increase of porosity, rather than a 
reduction. The brick would become both less strong physically and also 
more permeable to slag, to say nothing of the ruptures produced directly 
by the expansion. 



Plate II. — Expansion of silica brick under varying conditions. 

In the accompanying diagram (Plate II) , the solid line represents the^ 
theoretical linear expansion of a compact mass. The dotted line shows 
the normal expansion of a well fired brick not introduced into the steel 
furnace until after the transformation of the quartz; in this case, one 
should expect a minimum expansion of 2 per cent, in the kiln, and of 1 
per cent, in the steel furnace. The broken lines represent the expansion 
of a badly fired brick inserted prematurely and abruptly into a steel 
furnace. 

Transformation of Quartz 

The expansion of brick, which is intimately related to the transfor- 
mations of quartz, is of the greatest importance from the point of view 
of the manufacture of silica brick, and of their use in steel furnaces. 
Our experiments on this subject have not offered so complete a solution 
of the problem as we could have desired. 
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Day's experiments^ have shown that quartz ceases to be stable above 
800°. Its enormous passive resistance, however, opposes this transfor- 
mation and retards it to such an extent that after heating to 1600°, for 
only a short time it is true, fragments of unaltered quartz can often be 
found. In order to produce transformation below 800°,. it is necessary 
to apply some special solvent, such as vanadate of sodium, and to prolong 
the action of the heat for several days. 

In the manufacture of silica brick, the transformation of quartz 
occurs in three different ways: 

1. By solution and recrystallization in the melted silicates. This 
phenomenon begins at the melting point of these compounds, around 
1200°, and proceeds with rapidity in proportion to the temperature. It 
is this reaction that produces the network of tridymite referred to above. 

2. By direct transformation of quartz fragments without any other 
agencies than temperature and the presence of natural impurities in the 
rock. This transformation takes place at variable temperatures in quartz 
from different localities; the exact reason for the variation is not under- 
stood. Silex can be transformed in less than an hour at 1300°; the Fon- 
tainebleau sand, which is very pure, transforms at 1500°; the impure 
quartzite ordinarily used for the manufacture of brick transforms at 
temperatures between these two limits. 

3. By direct transformation of the quartz under the influence of 
foreign bodies which seem to penetrate by diffusion to a certain depth 
into the grain. Cristobalite, according to some investigators, would be 
particularly likely to give rise to these solid solutions. 

One of us has shown, 25 years ago, that crystals of very pure quartz 
can be put through a furnace for the production of hard porcelain, with- 
out undergoing any transformation. Under the same conditions, the 
same quartz finely pulverized is completely transformed into silica of 
low density. In the same manner, in the manufacture of fine faience, the 
more finely the quartz is pulverized, the more complete is its transforma- 
tion. This influence of grain size cannot be explained except on the 
assumption of a superficial action from vapors in the atmosphere of the 
furnace, whether steam, or alkali vapors derived from other elements 
in the ceramic mixture, notably feldspar. 

We have made several tests on the transformation conditions of 
quartz, and have studied successively the influence of the following factors: 

1. Nature of the quartz. 

2. Size of the fragments. 

3. Nature of the flux. 

4. Proportion of flux. 

5. Length of firing. 

6. Temperature of firing. 

2 American Journal of Science, ser. 4 (1914) 37, 1-39. 
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The tests were made in a Bigot furnace, the several samples being 
heated simultaneously. Except for the last experiment, regarding the. 
influence of temperature, the heating was always conducted in such 
manner as to raise the temperature to 1400° in hr., after which this 
temperature was maintained for 1 hour. 

1. Nature of the Quartz. — In these tests, the quartz was introduced 
in fragments as large as hazel nuts, but most of the fragments decrepi- 
tated in the furnace. The density of the samples after firing is shown in 
Table 5. 

Table 5. — Effect of Nature of Quartz on Ultimate Density 

Source of Quartz Density after Heating 

Pebbles from Central Plateau 2.65 

Bouchard quartzite 2 62 

Souvigny quartzite (very pure) 2 60 

Urgay quartz 2.36 

Plat quartz *. 2.35 

Souvigny quartzite (very impure) 2 32 

Silex 2.30 

2. Size of the Fragments. — These tests were conducted with the two 
varieties of quartz which were found the most difficult to transform. 
Results are given in Table 6. 


Table 6 . — Effect of Size of Particles on Ultimate Density 


Pebbles prom 
Central Plateau. 
Final Density 


Larger pieces 2.65 

Between 80 and 200 mesh* 2 64 

Below 200 mesh 2.59 


Ali.ier Quartz 
(Very Pure). 
Pinal Density 

2.60 

2.57 

2.39 


3. Nature of the Flux.' — These, and all the following tests, were made on 
pulverized quartz retained between screens having 800 and 4900 openings 
per sq. cm. (approximately 80 and 200 mesh per linear inch). The tem- 
perature, as before, was maintained at 1400° for 1 hour. In each case, 
the amount of flux added was 3 per cent.; the quartz was Fontainebleau 
sand. The effect of different fluxes on the final density of the quartz 
is shown in Table 7. 


Table 7. — Effect on Ultimate Density of Adding 3 Per Cent. Flux to 

Fontainebleau Sand 


Flux 

Final Density 

Flux 

Final Density 

Flux 

Final Density 

None 

2.60 

Li 2 C 03 

2.30 

TiOg 

2.56 

NaaCOa 

2.40 

CaO 

2.53 

B 2 O 3 

2 49 

Na2Si03 

2.34 

AI 2 O 3 

2.60 

CaFz 

2.51 

NaCl 

2.45 

FG 2 O 3 

2.58 

BaCb 

2.53 

Glass 

2.32 

Pb304 

2.49 

ZnO 

2.60 


4. Influence of Proportion of Flux. — The effect of varying the pro- 
portion of two fluxes, silicate of sodium, and lime, is shown in Table 8. 


Between 800 and 4900 holes per square centimeter. 
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Table 8. — Effect on Ultimate Density of Varying Proportions of Flux 


Sodium Silicate Flux 

Lime Flux 

Per Cent. 

Final Density 

Per Cent. 

1 

Final Density 

0.0 

2.60 

0 

2.60 

0.5 

2.52 

3 

2.53 

. 1.5 

2.45 

6 

2.46 

3.0 

2.34 




5. Influence of Temperature.- — In these experiments, the heating 
occupied 13-^ hr., the temperature then being maintained at 1400° for 
1 hr. or for 3 hours. The results are given in Table 9. 


Table 9. — Influence of Time of Heating on Density of Quartz 


Ingredients 

Time op Heating 

Finai Density 

Sand alone 

1 hr. 

2.60 

Sand alone 

3 hr. 

2 51 

Sand and 3 % CaO 

1 hr. 

2.53 

Sand and 3 % CaO 

3 hr. 

2.46 

Sand and 3% NaCl 

1 hr. 

2.51 

Sand and 3% NaCl 

3 hr. 

2.38 


6. Temperature of Heating. — In these tests, the sand was heated 
alone, or with the addition of 3 per cent, of fluxing material, to tempera- 
tures of 1300°, 1400°, and 1500°. The results are shown in Table 10. 


Table 10. — Effect of Temperature on Density of Quartz 



1300° c. 

1400° C. 

1500° C. 

- 

Density 

Density 

Density 

Sand alone 

2.65 

2.60 

2.44 

Sand and 3% Na 2 Si 03 

2.31 ! 

2.34 

2.32 

Sand and 3% CaF 2 ' 

2.56 

2.51 1 

2.35 

Sand and 3% CaCb 

i 2.54 

2.51 

2.35 

Sand and 3% Pb 304 

2.53 

2.49 

2.37 


It is reasonable to suppose that the natural impurities of quartzites 
might explain their relative ease of transformation; chemical analyses, 
however, have not provided any clear indication. The most frequent 
impurities are mica, interspersed between the grains, and oxide of iron as 
very finely divided inclusions in the crystals. The addition of calcium 
fluoride does not seem to have produced any very energetic reaction. 
Possibly inclusions of water or of carbon dioxide in certain quartz crystals 
may exert some influence. 

The most obvious conclusion seems to be that quartzites containing 
chalcedony are transformed at the lowest temperatures. Often, however, 
when the proportion of this variety of silica is large, the mass falls to 
powder during calcination and is unable to yield substantial brick. 
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Manufacturing Operations 

To assist in ascertaining the method of manufacture that will yield the 
best brick, Table 11 will indicate the lines of relationship. 


Table 11. — Essential Conditions and Steps in Manufacture 


Conditions 

1. Nature of quartz 

2. Size and shape of grains 

3. Nature of fluxes 

4. Proportion of fluxes 

5. Tempering water 

6. Uniformity of mixture 

7. Compression of mixture 

8. Temperature of firing 

9. Duration of firing 


Pbocesses 

1. Selection of quartz 

2. Preliminary calcination 

3. Crushing 

4. Addition of fluxes 

5. Wetting the mixture 

6. Mixing 

7. Molding 

8. Drying 

9. Firing 


Selection of the Quartz 

1. Degree of Purity, — The proportion of basic oxides should not 
exceed 3 per cent., which is equivalent to 10 per cent, of sulfate, if 
excessive fusibility is to be avoided. On the other hand, the percentage 
of impurity should not be below 1.5 per cent, to avoid the necessity for 
excessively high temperatures in order to cause complete transformation 
of quartz. An average of 2 per cent, of basic oxides represents good 
practice throughout the world. The proportion of basic oxides in a 
number of natural materials used for silica brick is shown in Table 12. 

There may be some doubt as to the correctness of this opinion. It is 
certain that a very pure quartz, mixed with an equally pure lime, does 
not lend itself well to the manufacture of silica brick, their temperature 
of firing being below the melting points of the most fusible silicates of 
lime. On adding iron and alumina to the mixture, which occur natu- 
rally in impure quartz, satisfactory results may be obtained. A sufficient 
quantity of iron is often added by the wear of the crushing apparatus 
itself. It may be questioned whether brick made with the more dif- 
ficultly transformed quartz, which are also the most expensive to make, 
are actually the best product. The high temperature, necessary for 
firing, at the same time facilitates the transformation of cristobalite 
into tridymite. 


Table 12. — Percentage of Basic Oxides in Certain Siliceous Materials 


Dinas quartzite 

AliOs 

1.60 

Fe203 

0.30 

Others 

0.40 

Total 

2.30 

Sheffield black ganister 

0.30 

1.50 

0.20 

2 00 

German quartzite (Stella) 

1 50 

0.50 

0.50 

2.50 

Souvigny quartzite (Allier) ' 

0.60 

1.55 

0.40 

2.55 


2. Absence of Pulverization During Firing, — Certain quartzes fall to 
powder during calcination and naturally cannot yield other than very 
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ordinary brick; the large grains, the importance of which has been noted 
above, disappear during this operation. This fault is easily detected 
by a rapid heating to between 1500° and 1600°, sufficient to cause trans- 
formation of the guartz into silica of low density. This defect often 
appears to be due to the presence of chalcedony, sometimes accompanied 
by opal. This last form of silica is difficult to distinguish under the 
microscope, but its presence can always be recognized by the loss of 
weight during calcination. It is always advisable, before using a new 
quartz on a large scale, to subject it to a preliminary calcination at high 
temperature in order to determine its behavior. 

3. Hardness of the Rock . — Rocks of great hardness increase the ex- 
pense of crushing; while, on the other hand, a rock that is too soft makes 
it difficult to obtain large grains, and especially those of angular shape. 
For this reason, true quartzites are generally preferred to sandstone, 
although the latter can be crushed more cheaply. In England, however, 
the Sheffield ganister, which has a very high reputation for the manu- 
facture of silica brick, is a true sandstone. 

Sands are the worst of all natural quartz materials for this purpose, 
on account of the fineness, the rounded outline, and especially the uni- 
formity in size of their grains. The Fontainebleau sand, for example, 
contains only grains ranging between 0.1 and 0.3 mm. Sand can well 
be used, however, for the preparation of the impalpable material, the 
necessity for which has been indicated above. It would seem possible, 
nevertheless, to employ* it in larger proportions for the manufacture of 
silica brick. We made briquets containing 75 per cent. Fontainebleau 
sand, 25 per cent, of impalpable, and 2 per cent, lime; this mixture, 
after burning at a temperature a little higher than the average, gave a 
product having an absolute density of 2.32, that is to say, the quartz 
has been entirely transformed into silica of low density. Compressive 
strength at ordinary temperatures was 112 kg. per sq. cm., which is 
ample, and expansion during firing had been 3 per cent., which is a normal 
amount, but these bricks disintegrated completely at high temperatures 
on account of the absence of large grains. 

4. Ease of Transformation of Quartz . — The different varieties of 
quartz are transformed with varying ease under the application of heat. 
For example, quartz broken into grains of less than 1 mm. diameter, 
but remaining on a 200-mesh screen (4900 meshes per sq. cm.), is reduced 
to a density below 2.40 after 1 hr. of firing, at the following temperatures: 
Silex, 1300°; ribbon quartzite from Allier, 1400°; pure vein quartz, 
1500°. 

It is not yet possible to say which is the best. It seems well estab- 
lished that silex always yields poor brick; they are light, very porous, 
and lack rigidity. The expansion of the largest grains is accomplished 
before fusion of the flux, and therefore before the formation of the 
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tridymite network. Those varieties of quartz which are most difhcult 
to trausioTm soom to yield the best products, provided the firing is 
continued long enough to give a complete transformation of the quartz; 
this high temperature tends to develop the production of tridymite and 
diminish that of cristobalite. Abundance of cristobalite is the principal 
cause of fracture, a very serious defect. At present, the preference is 
generally for quartz which transforms with moderate ease, yielding 
sufficiently satisfactory products at a moderate cost. 

Calcination of Quartz 

A preliminary calcination of quartz, now rarely employed, can be 
given for two different purposes. The first object is simply to weaken 
the quartz in order to facilitate its crushing. For this purpose a tem- 
perature of around 1000° is sufficient, which can be obtained with a 
moderate expenditure of fuel. Except in the case of very pure hard 
quartz, this operation seems to have little advantage, the expense of the 
firing exceeding the economy realized during crushing. Furthermore, 
quartz weakened in this manner gives rise to rounded fragments, and 
this practice is tending to disappear. 

In the second place, calcination at very high temperature may be 
adopted in order to produce a transformation of the quartz before it 
is introduced into the brick-making mixture. This necessitates a large 
consumption of fuel and complicated heating furnaces. It is essential 
to perform the heating with gas or with a flame, avoiding direct contact 
of ashes, in order not to discolor the calcined material. A possible 
application of this method would be to subject the largest grains of quartz 
to a partial transformation before introducing them into the brick 
mixture; this would undoubtedly permit a reduction in temperature 
and in duration of the firing of the brick. 

Crushing 

The crushing of quartz is always an expensive operation on account 
of the hardness of the material; it requires the expenditure of considerable 
energy and leads to a rapid wear of the crushing apparatus. Roller 
mills are most commonly applied, the operation being continued until the 
desired degree of fineness is obtained. This does not seem a rational 
method, because the relative proportion of the different sizes of material 
cannot be accurately regulated. 

The necessity for a large proportion of impalpable material is one of 
the clearest results of our experiments, some of which are shown in Table 
13. On comparing the results of the first two experiments, for example, 
one mixture containing 25 per cent, of impalpable obtained in a tube- 
mill, the other containing 25 per cent, of fine material obtained by screen- 
ing an ordinary crushed product, it is seen that the compressive strength 
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at 1600° varies in the proportion of 4 to 1, and at ordinary temperatures 
in the proportion of 2.5 to 1. 

The preparation of impalpable material should be done in a tube-mill, 
starting with siliceous material already in a fine state, such as the Fon- 
tainebleau sand, to which, if necessary, 5 per cent, of burnt clay brick can 
be added in order to introduce the necessary amount of iron and alumina, 
such as naturally exists in quartzite. On the other hand, the table shows 
that the amount of impalpable material should not be too large. Com- 
paring experiments No. 1 and 3, it will be seen that a brick containing 


Table 13 . — Effect of Varying Fineness of Quartz on Properties of 

Silica Brick 




Linear 
Expansion, 
Per Cent. 

Density 

Crushing Strength, 

Kg. per Sq.<Cm. 

No. 

Composition of Mixture 

Apparent 

Actual 

At Ordinary Temp. 

At 1600° C. 




j Dried 1 

Fired 

1 

Fresh quartzite, 75 
Powdered quartz, 25 
Lime, 2 

5.2 

1 

j 

1.63 

2 35 

15 

165 

i 

j 30 

2 

Fresh quartzite, 75 
Screenings, 25 

Lime, 2 

5.2 

1.63 

2.33 1 

i 

j 

* 10 

60 

8 

3 

Fresh quartzite, 25 
Powdered quartz, 75 
Lime, 2 

3.9 

1 36 

2 35 

j 

i 

: 9 

135 

10 

4 

Fresh quartzite, 25 
Screenings, 75 

Lime, 2 

3.9 

1.36 ; 

2.33 

■ 

1 

6 i 

52 

1 

1 ^ 

5 

Calcined quartzite, 75 
Powdered quartz, 25 
Lime, 2 

3.2 

’ 

i 

1.57 1 

1 

2 33 

i 

1 10 

120 

25 

6 

Calcined quartzite, 25 
Powdered quartz, 75 
Lime, 2 i 

3.0 

1.35 

i 

1 

i 

2.34 

1 

8 

i 

180 

15 

7 

Calcined quartzite, 25 
Powdered quartz, 75 
Marly clay, 6 

5.0 

1.40 

2.35 

9 

150 

9.5 

8 

Fresh quartzite, 25 | 

Powdered quartz, 75 
Marly clay, 6 

5.2 

1.43 

2.36 

9.5 

160 J 

6 

9 

Fresh quartzite, 25 
Screekiings, 75 

Marly clay, 6 

5.2 

1.43 

2.34 

7 

1 

55 

2 

10 

i 

Fresh quartzite, 75 
Powdered quartz, 25 
Marly clay, 6 

5.0 

1.50 

.2.34 

19 

no 

16 

11 

1 Fresh quartzite, 75 

3.7 

1.60 

2.35 


120 

24 

12 

Powdered quartz, 25 

4.1 

1.60 

2.36 

... 

150 

28 

13 

Lime, 2 

4.5 

1.78 

2 37 


260 1 

25 
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25 f)er cent, of impalpable has a crushing resistance at high temperature 
three times that of a brick containing 75 per cent, of impalpable; we would 
therefore recommend a proportion of 25 per cent, of impalpable material, 
passing the 200-mesh screen. 

To obtain the large*!* grains there is no reason for using roller mills, 
and it is preferable to use some form of cylindrical crusher, requiring much 
less mechanical energy, and also yielding grains having a lamellar 
shape, which is most advantageous for the compactness of the brick. 

If roller mills must be used, however, it is necessary to give them a 
sufficient weight, 5 tons at least, in order to enable them easily to crush 
fragments of quartz of the size usually delivered by the jaw crusher. 
If the roller mills are too light, they roll over the grains without crushing 
them, increasing greatly the cost of power and repairs, while also intro- 
ducing particles of iron into the mixture, which later give rise to brown 
stains on the brick, after firing. 

Addition of Fluxes 

Lime is the only flux regularly employed by manufacturers of silica 
brick; the proportion is generally between 1 and 2 per cent. M. Bied has 
proposed to add to the lime either oxide of iron or alkali. The advantage 
of a flux containing oxide of iron is that silica is only slightly soluble 
in it at high temperatures, and therefore the tridymite network is less 
rapidly destroyed than in other fluxes. In Martin furnaces, the bricks 
of the roof are often impregnated with oxide of iron to a depth of 10 
cm. without seriously diminishing their resistance to heat. 

The presence of alkalies greatly facilitates the transformation of 
quartz into silica of low density, especially into tridymite. Alkalies 
can be introduced in the form of alkaline clay, such as the majority of 
marly clays, glauconite, and the clays of Fresnes and Salerne. On the 
other hand, alkalies have the disadvantage of exerting an energetic solu- 
ble action on the tridymite network. Our test No. 10, Table 13, was 
very satisfactory, nevertheless. 

Lime alone does not seem a sufficient flux, for the pure silicates of lime 
do not fuse until they reach temperatures above those obtained in the 
firing of silica brick. The quartzites ordinarily employed, however, 
contain 2 per cent, of alumina and iron, which, with the lime, yield silico- 
aluminates and silico-ferrites, fusible at about 1200°. "When very pure 
quartz is to be employed, it seems indispensable to add a certain propor- 
tion of oxide of iron. Silica brick are often made without any addition 
of flux, the mica, after crushing, possessing enough adhesive power to 
give the dried brick a suitable stiffness, and sufficient fusing power to 
permit recrystallization of silica during the firing. 

The chemical composition of the fluxes is not the only important point ; 
it is necessary to reduce them to a sufficiently fine state of division to 
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allow them to mix intimately with the silica; this is the more importent 
in proportion to the amount of impalpable silica in the mixture. Well 
slacked, fat lime and natural clays are generally sufficiently fine; when 
well-burned hydraulic limes are used, which are always granular, it is 
necessary to pass them through a tube-mill with the impalpable silica. 
The best method to insure that a fat lime shall be sufficiently finely dis- 
seminated is to slack it in three or four titnes its weight of boiling water 
and then use the milk of lime without allowing it to become dry, in order 
to avoid agglomeration. It is not necessary to have all the wafer boiling 
at the start; the operation can be begun with a little boiling water, after 
which increasing quantities of lime and cold water can be introduced, as 
the heat of reaction develops. 

Wetting the Mixture 

The proportion of water added for the purpose of making the mixture 
workable should be enough to permit the brick to be carried to the dry 
house without danger of deformation. The quantity may vary from 8 
to 16 per cent, according to the proportion of impalpable material; 
obviously, the larger the proportion of extremely fine grains the more 
water is required. Furthermore, the impalpable material so increases the 
compactness of the brick as to allow a larger proportion of water to be 
used without making the brick too soft. It sometimes happens, when 
introducing a large amount of impalpable material, that the operator 
forgets to increase the proportion of water; thereupon the brick, when sub- 
jected to firing, break in planes perpendicular to the direction of compres- 
sion, owing simply to a lack of water. 

Mixing 

Mixing, for the purpose of distributing the flux uniformly throughout 
the siliceous mass, is the more necessary according to the proportions 
of fine material. We have not yet found a perfectly satisfactory process 
for controlling the distribution of lime throughout the mixture, although 
this is a very important factor determining the quality of the brick. In- 
asmuch as the mixing operation is not very expensive, it would be much 
better to increase the length of the mixing process, even beyond what 
would appear to be strictly necessary. The operation is generally con- 
ducted in light mills revolving rapidly. 

On this subject, we would suggest the possibility of using, for mixing, 
the impact mills, which are used for the preparation of molding sand at 
foundries. We would also indicate, with some reserve, the possible ad- 
vantage of introducing the water gradually. When it contains only 5 
per cent, of water, the mass mixes readily and remains sandy; the addi- 
tional water can then be introduced at the end of the operation, when it 
will distribute itself immediately and uniformly. 
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Molding 

Molding of the bricks is most often performed by hand, although there 
is some doubt as to whether this process is better than the use of a mold- 
ing press. It permits, possibly, a more regular distribution of the mixture 
in the molds, and yields brick which, at 1600°, possess the same mechan- 
ical strength as machine-pressed brick. In the case of badly fired 
brick, the final expansion, which occurs after the bricks are in the furnace 
roof, has better opportunity to relieve itself in the spaces of a very porous 
brick and thus produces much less external pressure. On the other hand, 
pressed brick, which are always dense and have greater strength at or- 
dinary temperature, are much less permeable to the slag; this is important, 
as this permeability is an important factor in the destruction of brick. 
It would seem, finally, that for careful manufacture, high molding pres- 
sures are preferable, although for second-quality brick hand molding 
may be perfectly suitable. 

Drying 

The molded brick must be dried before they are introduced into the 
kiln because they would otherwise be too soft to permit them to be piled 
one on another; the abrupt application of heat, furthermore, would cause 
them to burst or at least crack by too rapid expelling of excessive water 
vapor. 

The drying operation presents no difficulties and requires no special 
precaution. It is possible, immediately after molding, to put the bricks 
into a heated stove and dry them in a few hours. In this respect, silica 
bricks differ from clay bricks in that drying does not produce any con- 
traction. With bricks containing a large amount of impalpable silica, 
the operation may require more care, but is never difficult. 

Firing 

Firing is the most important feature in the manufacture of silica 
brick, and also the most expensive; unfortunately the best conditions 
for firing are not yet fully understood. Tests are difficult to make 
on account of the length of firing and the dimensions of the furnace in 
which firing is done; firing often lasts for 20 days and may take place in 
a furnace holding 200 to 300 tons of brick at once. 

The maximum temperature of firing is often considerably exaggerated. 
We often hear of firing temperatures of 1500° and even 1600°, but we do 
not believe that any silica brick are ever actually fired at temperatures 
exceeding 1400°, and base this belief on the two following facts: In the 
most intensive firing, the heat is generally limited to Seger cones No. 16 
to 18, corresponding nominally to temperatures of 1450° and 1490°; 
numerous experiments, however, have shown us that in ceramic furnaces, 
in which the heat is maintained for a long time, Seger cones melt at 
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temperatures between 70° and 100° lower than in calibration tests, which 
are always conducted very rapidly. Furthermore, on examining the 
expansion of commercial brick, produced by subjecting to a second firing, 
we have determined that they all began to expand rapidly upon reaching 
a temperature of 1400°, which proves that they had not undergone this 
temperature in the first firing. 

We believe, therefore, that a temperature of 1400° is enough for firing, 
provided it is maintained for a sufficiently great length of time. In any 
case, we do not believe that there is any advantage in exceeding a tem- 
perature of 1450°, even with the most difficultly transformed quartz. 
Our experiments, mentioned above, show that the Fontainebleau sand, 




Fig. 11. 


Fig. 12. 


Fig. 11. — Silica brick made from Sotjvigny quartzite. Circular cleavages 

CHARACTERISTIC OF CRISTOBALITE, IN LARGE GRAINS OF QUARTZITE ENTIRELY 
TRANSFORMED BY THE FIRING. NATURAL LIGHT; MAGNIFICATION, X 34. 

Fig. 12. — Silica brick made of Souvigny quartzite, showing fragments 

OF QUARTZ NOT TRANSFORMED BY FIRING. ArOUND THE LARGE GRAINS IS A BORDER 
0.01 MM. DEEP PRODUCED BY THE ATTACK OF THE FLUX. NATURAL LIGHT; MAG- 
NIFICATION, X 34. 


which is particularly difficult to transform, in the presence of lime is 
reduced to a density of 2.46 after 3 hr. of heating at 1400°. 

Finally, numerous tests of mixtures containing Fontainebleau sand 
fired in industrial furnaces have yielded densities between 2.32 and 2.36. 
As for the large grains of quartz, the transformation is less rapid and it 
would obviously be advantageous to introduce these, if this could be 
done, in the condition of quartz already transformed. 

In addition to the temperature, it is necessary to take into account the 
length of time during which the maximum temperature is maintained, 
and also the rapidity with which the heating is conducted. In case of too 
rapid a heating, the brick expands enormously, the direct transformation 
of the grains having preceded the formation of the network. From the 
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theoretical point of view, it would seem that the best condition of firing 
would be to raise the bricks as rapidly as possible to the temperature at 
which the large quartz grains begin to transform directly, but slowly; 
this would give the network of tridymite an opportunity to develop 
more rapidly than the isolated grains transform, which is indispensable 
in order to limit expansion. This temperature would then be main- 
tained a sufficiently long time to allow the transformation of large grains 
to be completed. 

We should mention an absolutely contrary theory maintained by cer- 
tain manufacturers on account of its economical advantages. This 
involves firing at a very low temperature, in order to form the indispen- 



Fig. 13. Fig. 14. 


Fig. 13. — Insufficiently fired English brick, containing untransformed 

GRAINS OF QUARTZ, ALTHOUGH BORDERED TO A DEPTH OF 0.01 MM. BY ATTACK OP 
THE FLUX. Natural light; magnification, X 34. 

Fig. 14. — Insufficiently burned German brick, containing rounded 

GRAINS OF QUARTZ, INDICATING THE USE OP A NATURAL SAND. NATURAL LIGHT,* 
MAGNIFICATION, X 34. 

sable network, but allowing the grains of quartz to remain untrans- 
formed; the final heating is afterward finished in the steel furnace. 
This process has the advantage of not introducing cristobalite into the 
brick and thereby diminishing the danger of fracture; on the other hand, 
at high temperatures, brick of this character would be subject to con- 
siderable expansion, leading to a warping of the furnace roof. If, how- 
ever, the proportion of impalpable silica has been sufficient, and if the 
firing has been sufficiently prolonged, the tridymite network may perhaps 
be sufficiently solid to offset the danger of expansion. 

We should also mention a third theory, upheld by certain American 
authors; well burned bricks are good; slightly burned bricks are mediocre; 
blit medium burned bricks are detestable. Such brick are composed 
principally of cristobaUte and disintegrate into large fragments by 
fracturing, 
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Bronze Bearing Metals 

G. H. Clamer,* Philadelphia, Pa. — Unfortunately, prior to the war 
no serious attention was given to the conservation of tin, notwith- 
standing that this country is practically dependent upon outside sources 
for its entire tin supply. 

Tin is of vital importance in many industries, but it is surprising how 
many and how excellent are its substitutes when we become acquainted 
with them. Tin has always been a relatively high-priced metal, and it 
is part of the human attitude to associate high prices with high standards; 
it is not until the price of a commodity becomes well-nigh prohibitive 
that we hunt for substitutes, because the idea of substitution seems al- 
ways to involve an assumption that the substitute must necessarily be 
inferior. 

The history of th^ development of bearing bronzes is a striking exam- 
ple of this policy. In the early days, copper-tin alloys were almost uni- 
versally used, the idea then being prevalent, which is still held by many, 
that a bearing to resist wear must be hard, and the harder the better. The 
favorite bronze bearing contained 90 per cefit. copper and 10 per cent, tin; 
frequently, in service which was considered severe, even higher propor- 
tions of tin were used. Such hard alloys have great resistance to com- 
pression, but as a rule they had a very wide factor of safety in this 


* First Vice-president and Secretary, Ajax Metal Co. 
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respect. Such bearings, because of their inability to adjust their surfaces 
to slight irregularities in the journal, or to foreign bodies, immediately 
begin to cut, and heating results. With a slight rise in temperature, 
the film of lubricant becomes thinner, and further cutting follows, if 
not actual gripment of the bearing with the journal. 

Many years ago, Dick, of England, appreciating the advantage 
to be derived from a slight plasticity in a bearing, added some lead to 
the then standard bearing metal, not substituting lead for tin but re- 
ducing the copper, and produced the alloy which has long held favor 
as a bearing metal, i.e.y copper, 80; tin, 10; lead, 10 per cent. Dick's 
alloy also contained some phosphorus, but the main point is that this 
was the first step toward the production of bronze alloys having a plas- 
tic nature. Lead does not unite to form an alloy with copper, but re- 
mains mechanically mixed, so that the structure of the alloy is that of a 
hard matrix with the soft metal imbedded therein. 

It was not until several years later that tests were conducted on the 
Pennsylvania Railroad, under the direction of Dr. C. B. Dudley, who 
investigated the copper-tin-lead series within certain limits of the 80- 
10-10 alloy; he studied not only the alloys containing lead above 10 per 
cent, in which copper was replaced by lead, but also in which tin was re- 
placed by lead. His conclusions, which have since become firmly es- 
tablished, are: (1) The rate of wear diminishes with increase of lead in 
the alloy. (2) The rate of wear diminishes with decrease of tin in the al- 
loy. Fortunately, the alloy containing least tin and highest lead exhibits 
least tendency, in service, to give trouble from heating. 

Notwithstanding the decided merit of copper-tin bearings contain- 
ing lead, prejudice was strongly against them, simply because lead is a 
low-priced metal. It was even intimated that such alloys were frauds, 
should be considered such, and dealt with accordingly. 

I have mentioned Dr. Dudley's discoveries because it was due to 
his findings that we instigated research work, now 20 years ago, which 
has led to the production of alloys still higher in lead and lower in tin 
than those which he was able to produce. He experienced foundry 
difficulties which apparently limited his maximum-lead alloy to 77 cop- 
per, 8 tin, and 15 lead. This was called Experiment B alloy, and has since 
been widely known as “Ex. B metal." 

Having due regard to the raw materials used, and by following good 
foundry practice, we have been able to produce alloys carrying 5 per cent, 
of tin and as much as 30 per cent, of lead which would show no segrega- 
tion of lead, even if cast into large bearings. By this I mean that such 
bearings will show no indication of metallic lead upon any surfaces. 
Lead being only mechanically held in the alloy, it is j^evented from segre- 
gating only by the quick setting of the matrix of copper and tin. As a 
certain interval must necessarily occur between the time when the metal 
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enters the mold and the time when it solidifies, the lead always shows some 
tendency, owing to its high specific gravity, to liquate toward the bottom 
of the casting. In bearings made of the proper raw materials, and cor- 
rectly handled, the difference in the proportion of lead is not usually 
over a fraction of 1 per cent., or at most 2 or 3 per cent., between the top 
and the bottom of a casting, even if this be a fairly large one, and made 
of the 30-per cent, lead alloy. 

I do not wish to repeat here data which I have given in previous 
papers^ but I do wish to set forth the position which the high-lead and 
low-tin alloys developed by us have attained. When these alloys were 
first produced they were hacked only by laboratory tests and by the 
predictions of Dr. Dudley that, if such alloys could be commercially pro- 
duced, the law which he established would no doubt apply also to alloys 
higher in lead and lower in tin than those which he had developed. It is 
now possible for me to review 18 years^ experience with the manufacture 
and service of such bearings. I must confess that in our enthusiasm 
over the valuable properties of these alloys, we were led at times to over- 
step the mark and place such bearings in service where the loads or the 
impacts were too great. 

The first requisite of a bearing is that it shall be sufficiently hard to 
support its load or to resist the impacts to which it may be subjected, and 
the relation of tin to lead must be controlled by this requirement. We 
have sometimes made mistakes in recommending the copper 65, tin 
5, lead 30 alloy for certain mill bearings; this did not have sufficient 
resistance to compression, and failed for that reason. When the copper 
73, tin 7, lead 20 alloy was substituted, the bearings exhibited no deforma- 
tion and performed far better than the 80-10-10 alloy previously used. 
We have also noted the failure of the 73-7-20 alloy on rod bearings 
of very heavy locomotives. Locomotive rod bearings are subjected 
to severe impacts and it is necessary therefore to use an alloy of fairly 
high compressive strength. Although the above alloy performs satis- 
factorily on light locomotives, on the rod bearings of heavy locomotives 
it is necessary to use either the 80-10-10 alloy or the same alloy to which 
has been added approximately 1 per cent, of phosphorus. The size of these 
bearings, and hence their bearing surface, is narrowly limited by neces- 
sities of construction; otherwise these harder alloys would not be essential 
for this purpose. Phosphorus greatly increases the compressive strength 
of such an alloy, and is for this reason a possible factor for conserving 


^ For example : A Study of Alloys Suitable for Bearing Purposes. Journal, 
Franklin Institute (July, 1903) 166 , 49. History and Development of the Alloy 
Practice in the United Sjates as Applied to Railway Bearings. Proceedings, American 
Society for Testing Materials (1907) 7 , 302. Effect of Changes in the Composition of 
Alloys Used by the American Railways for Car-journal Bearings. Transactions, 
American Institute of Metals (1915) 9 , 241. 
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tin. At the present prices of tin and phosphorus there is little choice; 
an alloy with 8 per cent, of tin and 1 per cent, of phosphorus will have com- 
pressive strength approximately equivalent to the alloy having 10 per 
cent. tin. Experience, thus, has demonstrated that alloys containing as 
little as 5 or even 4 per cent, tin and as high as 30 per cent, lead, can be 
used in railroad service for car bearings. They have become the stand- 
ard of the United States Railroad Administration for car-journal bear- 
ings called for under their Specifications R-71, Grade A. Such an 
alloy is also included in the specifications covering locomotive bearings 
designated as Specification R-72, Soft Bronze. 

In my judgment, the specifications of the Railroad Administration 
covering locomotive bearing-metals are very satisfactory, except that the 
use of soft bronze should be extended to cover driving brasses, and engine 
and trailer-truck bearings. Before the railroads of the United States 
came under Government control, copper alloys with low-tin and high- 
lead contents had become the standard specifications of several of the 
large car companies, and were very extensively used on the largest rail- 
road systems. Outside of the railroad field they had also been widely 
recognized and used. The advantage of using the smallest possible 
amount of tin consistent with the load requirements is now so well 
understood that there is but little opportunity for an important con- 
servation of tin in this field. 

Let us next consider the possibilities of substituting some other 
metal for a part or all of the tin in a copper-tin-lead alloy, or of sub- 
stituting alloys of an entirely different type. 

The first metal that presents itself as a substitute for tin is antimony. 
Antimony combines readily with copper and with lead, and has the 
property of adding hardness. Unfortunately, however, the hardening 
effect of antimony is obtained with the sacrifice of ductility. We have 
found it possible to make alloys carrying as high as 30 per cent, of lead 
•with 3 per cent, of tin and 2 per cent, of antimony. We have also made 
alloys of 65 copper, 30 lead, 2 tin, and 3 antimony, and have also replaced 
the 5 per cent, of tin in this alloy entirely with antimony. Car bearings 
4/4 by 8-in. size, made from the same pattern on molding machines and 
subjected to a breaking stress applied longitudinally at the middle of the 
back of the bearing and throughout its entire length, broke at the fol- 
lowing average loads: with 2 per cent, antimony substitution, 60,000 lb.; 
with 3 per cent, substitution, 62,000 lb.; with total substitution, 52,000 
lb.; as compared with a breaking load of 67,000 lb. for the alloy of copper 
65, tin 5, lead 30. The castings produced with each of the three above- 
mentioned alloys are not so satisfactory as those made with the straight- 
tin alloys, being more or less rough, and showing slight globules of 
lead on the surface. It has been found that a certain amount of nickel 
can be used for replacing tin with very satisfactory results. The castings 
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produced when zinc is substituted for a certain amount of tin are decidedly 
unsatisfactory. The substitution of aluminum for tin is entirely im- 
practical, and such castings are worthless. This does not, however, 
exhaust all the possibilities of substituting other metals for tin in the 
copper-tin-lead alloys, but it is my opinion that the substitution of any 
other metals, in those alloys, can be made only by sacrificing the quality 
of the alloy. 

The possibility of substituting alloys of an entirely different type 
presents an attractive field for research. The copper-tin-lead alloy 
has attained its position as the most desirable bronze bearing alloy, 
but this does not mean that some other alloy may not be found which 
may give equally good or better results. In the search for such a sub- 
stitute alloy it should be borne in mind that a bearing metal should possess 
the following properties: 

(1) It should be sufficiently rigid to support the load or resist the 
impact, but yet not so brittle that it will easily crack. 

(2) It should have as great a yielding or plastic nature as is consistent 
with its ability to support the load or resist the impact without deformation 
of the bearing as a whole. 

(3) The ideal structure combines a hard matrix to support the load 
and a softer metal or alloy contained within such matrix, to permit 
the bearing surface to adjust itself to irregularities of service. 

(4) It should be easy to handle in the foundry and machine shop. 

( 5 ) It should be capable of being remelted without deterioration. 

(6) For use in babbitt-lined bearings, it should be capable of being 
tinned, so that the babbitt can be apphed thereto. 

(7) It should have good heat conductivity in order to dissipate the 
heat generated by friction. 


Pennsylvania Railroad Anti-friction and Bell Metals 

F. M. Waring,* Altoona, Pa. — The necessity for conserving tin has 
recently been very forcibly brought to the attention of all consumers, 
and efforts are now being made to reduce the tin content in certain alloys 
or to substitute other alloys not containing tin. 

The approximate composition of the non-ferrous alloys in general use 
on the Pennsylvania Railroad are given in the accompanying table. 

Phosphor bronze is used principally for rod bushings, main-rod 
brasses, and crosshead shoes. 

Ex. B bronze is used to a small extent for backs of car and coach 
bearings, but the majority of these are now made of the car-journal 
bronze, which contains, on the average, about 5 per cent. tin. 


Engineer of Tests, The Pennsylvania Railroad Co. 
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Composition of Non-ferrous Alloys Used by Pennsylvania Railroad 



Copper 

1 

Tin 

Lead 

Phos. 

Antimony 

Zino 

1 

Phosphor bronze, Spec. 32-C 

79.70 

10.00 

9.50 

0 80 


1 

i 

Ex. B bronze, Spec. 141 

76.75 

8.00 

1 15.00 ; 

0.25 



Car-journal bronze (a) 

(6) 

(c) 

(d) (e) j 



V) 

Special high-lead bronze, Spec. 59. 

70.00 

5 00 

1 25.00 

I 


Lining metal, Spec. 57 



! 87.00 


: 13 00 


Dandelion metal 


10 00 

72.00 


i 18 00 


Bell metal 

83M 


i 




Babbitt, tin-base 

3.70 

88.90 



, 7.40 


Babbitt for motor bearings 

1.00 

50.00 

38.50 

j 

10 50 



(a) Sum of Cu, Pb, Sn, and Zn, not less than 99. (6) Not less than 71. 
(c) Not less than 4. (d) Not less than 13. (e) Not more than 20. (/) Not more 
than 3. 

Car-journal bronze is used for making car and coach bearing backs 
at the Altoona brass foundry, by melting down old backs after removing 
the linings and making the necessary addition of new metal to bring the 
composition within the limits given in the table. No new tin is added in 
making this alloy. 

Special high-lead bronze is used principally for locomotive driving- 
box shells, which are not lined. 

The lead-base lining for car-journal bearings was formerly made up 
in our foundry from lining metal melted off from old bearings and brought 
up to specification requirements by the addition of such new metal as 
might be necessary. Some tin was unavoidably introduced from the old 
bearings, but the amount allowed in the metal was limited to 2 per cent. 
Lately we have been using this old lining metal in the preparation of 
the lead-base dandelion metal babbitt, thus making use of the contained 
tin in order to reduce the amount of new tin which it was necessary to 
add to this metal. The journal-lining metal is then made from lead and 
antimony without the addition of any tin. 

Lead-base dandelion metal babbitt, containing about 10 per cent, 
tin, is used for lining crosshead shoes and also for lining engine-truck 
and trailer bearings, as well as for hub liners, in place of phosphor bronze, 
on freight locomotives. This metal has replaced a large amount of tin 
and tin-base babbitt formerly used. 

Bell metal is used exclusively for making locomotive bells, and during 
1917 about 42,800 lb. of castings were made, involving the use of a little 
T)ver 7000 lb. of tin. 

Tin-base babbitt metal (88.9 tin, 3.7 copper, 7.4 antimony) is used 
for a number of miscellaneous purposes in the shops, but its use has been 



168 A SYMPOSIUM ON THE CONSERVATION OP TIN 

greatly restricted and every effort is being made to do away with it where 
possible, and to substitute a lead-base babbitt or a babbitt with 50 per 
cent. tin. 

The amount of solder having the composition 50 lead, 50 tin, used 
by the Pennsylvania Lines East, during 1917, was approximately 100,000 
lb., but there is reason to believe that a large portion of this can be re- 
placed by a 60-lead, 40-tin solder with satisfactory results, and instruc- 
tions have been issued to this effect. 

In regard to the quantity of new tin used, it is not possible to give the 
amount, except approximately and from calculations based on the 1917 
consumption of bearing metals by the Pennsylvania Lines East only, it is 
estimated that about 770,000 lb. of new tin were required in a total of 
about, 21,380,000 lb. of all kinds of bearing metals turned out by the 
foundry or purchased in the market. 

No change has been made in the specifications for bearing metals 
for some years, as the metals used have been satisfactory. A large pro- 
portion of the bearing metals are made up from old material re-melted 
and brought to standard composition by some addition of new metal, and 
every effort is being made to utihze old material to the best advantage 
and reduce the amount of new metal of all kinds purchased. For a 
number of years no tin has been used in the lining metal lof either pas- 
senger or freight car journal-bearings, except such small amounts as come 
in from re-melting old finings. No change has been made in phosphor 
bronze used for rod bushings, as we should expect some trouble from bush- 
ings pounding out of shape if a phosphor bronze were used which con- 
tained less tin or more lead than the present specifications call for. In 
this, as well as in the case of all other bearing metals, we expect to use 
our utmost endeavors to economize and to substitute for tin wherever 
possible. 


The Tin-plate Industry 

D. M. Buck,* Pittsburg, Pa. — During the first 5 months of 1918, 
approximately 11,000,000 lb. per month of pig tin were consumed in the 
United States. Solder, bearing metals, bronzes, etc. used about 5,500,000 
lb.; collapsible tubes a little more than 250,000 lb.; tin-foil about 500,000 
lb. ; and the tin- and terne-plate industry somewhat less than 5,000,000 
lb. In an effort to reduce this consumption and thus conserve our tin 
supplies, several methods of procedure suggest themselves: 

1. Salvage. The most careful and systematic collection and re-use 
of tin and tin-bearing rnaterials is economically important, in that we thus 
secure the maximum benefits from our available supplies. 


Metallurgical Engineer, American Sheet and Tin Plate Co. 
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2. Substitution of other materials for tin. While tin, on account 
of its low melting point, softness, malleability, non-toxicity, etc., is pe- 
culiarly adapted for many uses, nevertheless it may seem desirable, during 
times of temporary stringency at least, to substitute for tin and for tin- 
bearing materials some other substances which may answer our purposes, 
though perhaps not possessing all of the desirable qualities of tin. It 
is conceivable that research in this connection may develop entirely satis- 
factory substitutes which may permanently replace tin for certain 
purposes. 

3. Curtailment, for the time being, of certain lines of manufacture, 
not absolutely essential to the prosecution of the war. 

Efforts along all of the above-mentioned lines are being made in prac- 
tically all tin-consuming industries, and much progress has been made. 
In considering the details of tin conservation, it is my intention to con- 
fine myself to a brief discussion of this subject as related to the tin- 
and terne-plate industry. 

Terne-plate is a mild-steel sheet coated with an alloy of tin and lead 
(approximately 25 per cent, tin and 75 per cent. lead). Its chief uses, 
in normal times, are for roofing, gasoline and oil tanks, and for stamp- 
ing into various forms. Manufacturers of this material have almost 
entirely discontinued its manufacture, except to supply the urgent needs 
of the Government for war purposes. 

It has been customary to use a small amount of tin with the spelter 
in the galvanizing pots in the manufacture of galvanized sheets. It 
has been found that, by a sacrifice of no other quality than appearance, 
this tin could be omitted, and the practice has been largely discontinued 
— entirely so in the concern with which the writer is connected. 

Tin-plate consists of thinly rolled mild-steel sheets coated with pure 
tin, and its chief use is in the canned-food industry. The Government 
has requested that the manufacturers of this product give absolute 
priority to orders covering material to be used for the manufacture of 
plate for cans to contain perishable foods. The manufacturer has, of 
course, complied with this request and the conditions of the markets 
have been such that almost the entire capacity of the country has been 
utilized for such material, and for other direct and indirect Government 
needs. 

Several grades of tin-plate are regularly manufactured, differing 
only in thickness of the tin coating. While, for some few uses, the heavier 
coated sheets are desirable and necessary;, it is a fact that the most lightly 
coated sheets are entirely suitable for a very large percentage of these 
requirements. It is in this connection that the consumer can materially 
aid in the saving of tin during the present stringency, and also prevent 
a serious economic waste in normal times, by not specifying a heavier 
coated plate than his requirements justify. 
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For years it was believed by certain canners, manufacturers, and 
dealers in canned goods, that a heavy tin coating was necessary on food 
containers. This opinion was endorsed by food officials and chemists, and 
attempts have been made in Congress to regulate the weight of tin coat- 
ing. Since the literature on the subject gave no definite information, a 
committee was formed several years ago, consisting of representatives of 
the American Sheet* and Tin Plate Co., American Can Co., and the Na- 
tional Canners^ Association. Two representatives of the Bureau of 
Chemistry, Department of Agriculture, also participated in the work. 
This committee prepared seven lots of tin plate with the following aver- 
age coatings, expressed in pounds of tin per base box (112 sheets, 
14 by 20 in.). 



Pound 


Pound 

A 

0 9 

E 

18 

B 

1.1 

F 

2 1 

C 

1.3 

G 

3.0 

D 

1.5 




Cans were made from these plates in the usual way, and various food 
products were packed under the supervision of the committee, in regu- 
lar canning plants. Approximately 60,000 cans, in all, were packed with 
the following foods: 


Apples (3 packs) 
String beans 
Cider 
Clam juice 
Com (3 packs) 
Milk (condensed) 


Milk (evaporated) 
Peas 

Pumpkin (3 packs) 
Tomatoes (3 packs) 
Tuna 
Salmon 


The cans and contents were inspected and analyzed from time to time, 
throughout a period of about 18 months after filling the cans. In this 
work more than 40,000 samples were analyzed chemically. I quote 
from the general conclusions of this committee as embodied in their 
report:^ 

The most significant fact established by this entire investigation is that, aside from 
the external appearance of the cans, none of the difficulties encountered in the twenty 
experimental packs of twelve representative foods in plain cans was taken care of or 
eliminated by heavy tin coatings. The luster and the resistance to rusting increase 
somewhat with increased weights of coating. In other respects, with the exception of 
some instances in the classes of foods that have a tendency to perforate, the conclu- 
sion from this work is that the value of different weights of tin coating on food con- 
tainers is for all practical purposes the same with average weights of from one to three 
pounds of tin per base box. 


* “Relative Value of Different Weights of Tin Coatings on Canned Food Con- 
tainers.” Report of an investigation by a technical committee representing the 
National Canners Association, the American Sheet and Tin Plate Co., and the Ameri- 
can Can Co. Published by National Canners Association, Washington, D. C., 1917. 
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I bring this investigation to your attention to emphasize the need- 
less waste attendent upon the use of tin plate with an unnecessarily 
heavy tin coating. With our present knowledge, we are unable commer- 
cially to produce coatings as light as the lower weights used in this test. 
If, however, future research should develop means to this end, the result- 
ant product would meet all practical requirements, and a very consider- 
able saving in pig tin would result. 

DISCUSSION 

G. H. Clameb. — The National Canners’ Association is studying the 
action of fruit juices, etc., on solders. Of course these tests will take 
quite a long time, and we hope by that time the war will be over and 
there will be no need for conserving tin for war purposes. Germany for 
a great many years has prohibited the use of more than 37 per cent, of 
lead in alloys used in contact with food products. The eutectic com- 
position is 37 per cent, of lead and 63 per cent, of tin; alloys containing 
more than that percentage of lead have some free lead. 

J. W. Richards,* South Bethlehem, Pa. — A great deal of con- 
servation can result from the packing of dry foods in cartons and in 
fiber packages instead of using sheet tin. Many of the boxes used for 
packing things other than food are frequently made of sheet tin because 
it prints and lithographs well; these could be made of sheet iron coated 
with copper or some other substitute metal which prints equally well. 

The Aluminum Bronze Industry ♦ 

W. M. Corse, t Mansfield, Ohio. — The conservation of tin, in view 
of the shipping situation, is one of great importance. Several methods 
of conservation can be employed: 

1. Reduction of the amount of tin in an alloy or compound. 

2. Substitution of an entirely different metal or compound for tin. 

3. A combination of the first and second methods. 

The second method is the one that I wish to discuss. 

Metallic aluminum has been known for a long time, and its use in 
copper alloys was discovered about 1855 by Lord Percy. The high 
cost of production of metalHc aluminum retarded its commercial devel- 
opment, and it was not until the discovery of the electrochemical 
processes for its production that it came to be known as a common 
metal. 

I have been particularly interested, for the past few years, in working 
with the alloy known as aluminum bronze, which is usually composed of 
approximately 90 parts of copper and 10 parts of aluminum, by weight. 


* Professor of Metallurgy, Lehigh University, 
t Manufacturing Engineer, Ohio Brass Co. 
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This alloy has many properties similar to the copper-tin bronzes, and it 
has been of interest to find just where the copper-aluminum bronzes 
could be substituted for the copper-tin bronzes, and in that way conserve 
the use of metallic tin. 

Copper-aluminum bronzes have practically double the tensile strength 
of tin bronzes, so that a smaller cross-section frequently can be adopted, 
with the same mechanical result. Their resistance to shock is superior 
to that of the copper-tin bronzes, and their resistance to wear is, in 
some cases superior, and in some cases practically equal. Consequently, 



Yiq 1. — Thermal equilibrium or cooling diagram of copper-tin alloys. 

for many mechanical uses, where a hard bronze is desired to replace one 
containing 10 to 11 per cent, of tin, for example, an aluminum bronze 
of about the composition mentioned will be found worth investigation. 
Undoubtedly no two alloys possess exactly the same properties, and when 
a substitution of one for the other is desirable, it is necessary to work out 
special methods of handling the substitute in order to get practically 
the same results. 

As is frequently the case in such work, special properties are found 
to be superior to those of the metal originally used, and other properties 
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are discovered to be not so good. As a particular instance of the sub- 
stitution of aluminum bronze for phosphor bronze, I would cite its use 
in worm gearing. The following tables and curves taken from my 
paper® on this subject before the Society of Automotive Engineers will 
give an idea of the different properties. 

Table 1. — Physical Properties of Phosphor Bronze 
(Composed of 88.7 parts of copper, 11 parts of tin, and 0.3 parts of phosphorus) 


Ultimate tensile strength, lb. per sq. in 35,000-40,000 

Yield point, lb. per sq. in 22,000-25,000 

Elongation in 2 in., per cent 6-10 

Reduction of area, per cent 7-9 

Specific gravity at 20"* C 8.5 

Brinell hardness number (500 kg. load for 30 sec.) 75-85 

Pattern maker’s allowance for shrinkage, in. per ft 0 125 

Weight per cu. in., lb 0.31 

Compression, elastic limit, lb. per sq. in 16,000 

Coefficient of friction 0.0040 

Modulus of elasticity 12,000,000 to 14,000,000 

Resistance to impact, Fremont notched-bar test (fractured 

section 7 by 10 mm.), kg.-meters 2 to 4 

Endurance of alternating impact, Landgraf-Turner ot Arnold 

test, alternations 150 to 300 

Resistance to shear by impact, McAdam machine, ft. -lb. . 300 to 450 


Aluminum bronze containing 10 per cent, aluminum and 1 per 
cent, of iron has the physical properties shown in Table 2. 

Table 2. — Physical Properties of Aluminum Bronze 
(Containing 10 per cent, of aluminum, and 1 per cent, of iron.) 


Ultimate tensile strength, lb. per sq. in 65,000-80,000 

Yield point, lb. per sq. in 23,000-28,000 

Elongation in 2 in., per cent 20-30 

Reduction of area, per cent 21-29 

Specific gravity at 20° C 7.5 

Brinell hardness number (500 kg. load for 30 sec.) 92-100 

Pattern maker’s allowance for shrinkage, in. per ft 0.22 

Weight per cu. in., lb 0.27 

Compression, elastic limit, lb. per sq. in 19,000 

Coefficient of friction 0 . 0025 

Modulus of elasticity 15,000,000-18,000,000 

Resistance to impact, Fremont notched-bar test (fractured 

section 7 by 10 mm.) kg.-meters 7 to 10 

Endurance of alternating impact, Landgraf-Turner or Arnold 

test, alternations ! 3,500 to 5,500 

Resistance to shear by impact, McAdam machine, ft.-lb 750 to 850 


* W. M. Corse: Worm Gear Bronzes. Journal^ Society of Automotive Engineers, 
April, 1918. 
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It is of interest to note that aluminum bronze would undoubtedly 
have been substituted for phosphor bronze before this had the manufac- 
turing difficulties with the former been surmounted. Aluminum bronze, 
when cast in the foundry, presents about as difficult a problem as I 
have ever seen. It is very sensitive to gas absorption and must be 
handled extremely carefully to insure good castings. It is similar, from 
a foundryman^s standpoint, to manganese bronze, in that it requires 
large risers and careful pouring to insure clean castings. Several years^ 
work on this alloy has demonstrated conclusively that it is perfectly 



Fig 2. — Thermal equilibrium or cooling diagram op copper- aluminum alloys. 

possible to make as large a percentage of good castings from it as from 
any other non-ferrous alloy. It seems to me, therefore, that its use 
should be increased, particularly in view qi the shortage of tin at the pres- 
ent time, and 'undoubtedly new fields will be opened up as its various 
properties are better known. 

One feature that stands out prominently, which was mentioned by 
the eminent English investigators of this type of alloys, and published 
by them in the 8th and 9th reports of the Alloys Research Committee of 
the Institution of Mechanical Engineers of Great Britain, is the fact that 
cast aluminum bronze possesses properties equal to those of rolled alu- 
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minum bronze. Nearly all copper-base alloys are improved by rolling 
processes, but the copper-aluminum alloys seem to possess equally good 
properties when cast or rolled; this is a remarkable metallurgical fact. 
Another important property of these copper-aluminum alloys is their 
resistance to alternating stress. Many tests indicate that their resistance 
is greater in this respect than that of some steels, and I have seen instances 
when cast aluminum-bronze bolts have outlived five steel bolts in founda- 
tion work subject to severe shocks. I mention these various instances 
to indicate that work originally started as research for substitution of 
one material for another frequently develops an article which has proper- 
ties not possessed by the original metal or alloy. 

I have dwelt particularly on the aluminum bronzes because recently 
I have done more special work on them than on other alloys, but I be- 
lieve that the use of aluminum itself, in many combinations of metals, 
is a very important subject for investigation. Undoubtedly, after the 
war, the cost of aluminum will be reduced from its present price, and con- 
sidering its low specific gravity it offers a very interesting and important 
field for research in the non-ferrous business. Naturally, if combinations 
containing aluminum can be developed in view of a probably increasing 
supply of metal, the cost will be reduced. This will benefit the indus- 
try generally and will immediately conserve tin. 

Bronzes, Bearing Metals, and Solders 

G. K. Burgess* and R. W. Woodward, f Washington, D. C. — 
From a metallurgical standpoint, there are several ways in which a 
reduction of the tin consumed in commercial non-ferrous and white- 
metal alloys can be effected. First, a reduction of the tin content of the 
alloy; second, substitution of part or all of the tin content by some other 
metal; third, a substitution of a different type of alloy, which in some 
cases also involves a change in mechanical design. The Bureau of 
Standards has been studying these methods of conservation for tin 
alloys, particularly in regard to babbitts and bearing metals, bronzes, 
and solders. Much of the information secured by the Bureau was 
obtained from answers to questionnaires sent to manufacturers and 
users of these materials, so that, in general, any of the following sug- 
gestions or recommendations can be considered as being practical and 
as having already been thoroughly tried. 

Bearing Metals 

There is no question that the tin content of nearly all bearing metals 
can be reduced to some extent, and in some cases actually eliminated 

* Chief, Division of Metallurgy, U. S. Bureau of Standards, 
t Assistant Phjrsicist, U. S. Bureau of Standards. 
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without prejudice to the service rendered. The problem thus is to 
determine what needs are the most exacting, or when a breakdown 
would cause the greatest damage, and confine the use of high-tin babbitts 
to these uses. Thus the main bearings of airplane and military auto- 
mobile engines, turbine shafts, etc., will probably have to continue to 
use high-tin babbitt, containing 84 to 91 per cent. tin. A babbitt metal 
such as S. A. E. specification No. 24, containing 84 tin, 9 antimony and 
7 copper, appears to be as satisfactory in service as the genuine babbitt, 
89 tin, 7.5 antimony, 3.5 copper, or that specified by the International 
Aircraft Standards Board, 91 tin, 4.5 antimony, 4.5 copper. But it 
should be pointed out that the latter two compositions are more fluid 
in the molten condition than the first named; consequently the lining 
can be made in a thinner shell with these babbitts, and the total amount 
of tin consumed may therefore be less than if the S. A. E. No. 24 were 
used. However, if the design of the bearing is not altered to admit of 
the thinner shell, the lower-composition babbitt should be used in general. 

The following compositions (Table 1) are also recommended for 
use where a high grade of lining is required and where a genuine babbitt 
is now often used: 


Table 1 


; No. 1 

No. 2 

No. 3 

No. 4 

No. 5 

CO 

O 

Tin 

65 

62 

8 

5 

10 0 

21 3 

Antimony 



8 

7 

12 5 


Copper 

3 to 6 

4 

4 

2 

0 5 

3 0 

Zinc 

28 to 30 

33 


76 


63.3 

Aluminum 


1 



1 


Lead 



80 

i 

10 

77.0 

12 0 


No. 3 and 4 have been found to do the service required of tin-base 
linings in machine-tool bearings; No. 5 can be used on similar bearings 
where a greater strain is met. No. 6 is in use in Germany as a “best” 
babbitt to conserve both tin and copper. 

For linings on railroad-truck journals two compositions are in general 
use, one composed of 85 lead, 10 antimony, 5 tin, and the other of 87 
lead, 13 antimony. The latter is restricted by some roads to freight 
service while the former is used on passenger equipment. Many roads, 
however, use the 87 lead, 13 antimony, on both classes of service and it 
seems that its use might be' made more universal. 

Another type of lining metal which deserves serious consideration 
is one composed almost entirely of lead, with small additions of alkali or 
alkali-earth metal. Certain of these have been given service tests at 
the Bureau of Standards and in many respects were found equal to or 
superior to genuine babbitt. Table 2 is a summary of the tests on such a 
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metal, and corresponding tests on genuine babbitt of composition 89 
tin, 7.5 antimony, 3.5 copper: 


Table 2 


Load 

Lb. 

per 

Sq. In. 

R.p.m. 

Total 

Revolu- 

tions 

Final Temp. 

Rise in Temp. 

Fric- 

tion 

Lb. 

Loss 

in 

Weight, 

Gram 

Remarks 

°C. 

op 

"C. 

op 





Genuine Babbitt 




100 

694 

12,230 

89 

192 

53 

95 

22 

0 023 


200 

706 

16,510 

102 

216 

58 

104 

29 

0.021 


300 

682 

15,150 

125 

257 

100 

180 

38 

0.013 

Belt slippinK. 

400 

003 

6,600 

139 

282 

94 

169 

79 

0 054 

Bearing seized 





Ulco Hard Metal 



and smoking. 

100 

710 

13,160 

56 

133 

23 

41 

13 

0 013 


200 

715 

18,870 j 

69 

156 

33 

59 

! 18 

0.021 


300 

719 

18,830 

80 

176 

42 

76 

27 

0.013 


400 

711 

1 17,310 

! 81 

178 

43 

77 

23 

0.022 


500 i 

723 

17,660 

79 

174 

43 

77 

25 

0 014 


600 j 

692 

14,960 

! 84 

183 

45 

81 

24 

•0.021 


700 

648 

24,520 

62 

144 

38 

68 

24 

0.020 


800 

365 

1 12,870 

53 ! 

127 

20 

36 

23 

0 010 


900 1 

408 

22,300 1 

59 

138 

22 

40 

24 1 

0.015 


1000 

405 

23,200 

66 

151 

36 

65 

22 ^ 

0 014 

Bearing still 










good condition. 


Standard Grades of Babbitt Metal 

At a meeting called by the Conservation Division of the War In- 
dustries Board on Apr. 15,. 1918, which was attended by manufacturers 
and users of bearing metals, the Bureau of Standards was requested, 
after conference with technical representatives of the large manufacturers 
and users, to determine whether four classes of babbitt metal could be 
adopted, ranging in tin content as follows: 


Per Cent. Tin 

A, Genuine Babbitt 89 

B 40 to 50 

C 4 to 6 5 

D . . None 


The Bureau has gone over the situation with several of the repre- 
sentatives, and the general opinion seems to be that it is impossible to 
limit some of the classes to a single composition, because of the fact that 
several compositions of nearly the same tin content are in general use 
for different purposes. Thus, in the table below, No. A-1 is used in 
aircraft engines, No. A-3 is used for automobile engines. No. A-4 is 
found in bearings of electrical machinery. It was thought, however, 

VOL. LX. 12 . 
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that class B can be entirely dispensed with, as these intermediate-tin 
bearing metals are in no way as satisfactory as either a high-lead or a 
high-tin babbitt. In all cases where class B could be used, classes C 
or D will be found to serve the purpose equally well. There are, how- 
ever, some grades of babbitt containing about 65 per cent, of tin which 
do not fall into either class A or class B, but are often claimed by the 
manufacturers to equal the high-tin babbitt in performance. If these 
claims can be substantiated, this babbitt should be considered as falling into 
the category of class A and as being a substitute for alloys in that class. 

It should not be presumed, because high-tin babbitt of class A is 
included, that the Bureau recommends the continuance of its use for 
many bearings in which it is now used. The lowest possible tin alloy 
should always be used, and the Bureau beheves that it might be ad- 
visable to allow some central body to issue licenses for the use of babbitt 
in class A, in order to insure that no A babbitt is being used where 
others are satisfactory. 

Alloy D-2 has been included in class D because this comprises babbitt 
metals containing no tin. It should be noted that this alloy will be found 
satisfactory in many installations where class A has hitherto been used, 
and its inclusion in class D should not give the impression that it is a 
low-grade babbitt. 

The American Society for Testing Materials has drawn up specifica- 
tions for '12 compositions of babbitt metals (B23-'18T) which, however, 
do not take into consideration the factor of tin conservation, but are 
formed for use in peace times. The present recommendations are 
for use in the existing situation, where the saving of all tin possible 
is of prime importance. 

The recommended compositions for the various classes are given in 
Table 3. These have been selected so as to include existing specifications 
and usage as far as possible. Much information has been secured from 
the questionnaire sent out by the Bureau and from replies to the general 
letter issued by the War Industries Board on May 29, 1918. 


Table 3 


Class 1 

1 

No. 

Tin, 

Per Cent. 

Antimony, 
Per Cent. 

Lead, 

I Per Cent. 

Copper, 
Per Cent. 

i 

Iron, 

Per Cent.(o) 

Arsenic, 

Per Cent, (a) 

A 

A-1 

91 

4.5 

1(a) 

4.5 

0.08 

0 10 


A-2 

89 

7.5 

1(a) 

3.5 

0 08 

0.10 ‘ 


A-3 

84 

9.0 

1(a) 

7.0 

0.08 

0.10 


A-4 

83 . 

8.5 

1(a) 

8.5 

0 08 

0.10 

C 

C-1 

5 

10.0 

85 

0 5(a) 


0.20 

D 

D-1 


13.0 

87 

0.5(a) 


0 25 


D-2 

(h) 

(5) 

98(6) 

(5) 

\h) * 

(6) 


(a) Maximum. (h) Remainder is alkali and alkali-earth metal. 
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. More than traces of impurities other than those listed above will 
not be allowed, the following variations above or below the specified 
amount will be permissible for the desired elements: 


Percentage of Elements Specified 

Not over 5 per cent. 

5 to 10 per cent., incl. 

Over 10 per cent. 


Permissible Variations from 
Specified Value 


0.50 

0.75 

1.00 


Large quantities of phosphor-bronze of the composition 80 copper, 
10 lead, 10 tin, deoxidized with phosphorus, are used in imlined bearings 
at fairly high speeds and pressures. The following compositions (Table 
4) have been suggested as substitutes for this composition, although 
it is our opinion that trouble will sometimes be experienced with Nos. 
8, 9, and 10, because of their high lead, and these have about the same 
tin content as the others in the list. 


Table 4. 


1 No. 7 

No. 8 

No. 9 

No. 10 

No. 11 

No. 12 

Copper 

81 

79 

74 

64 

Remainder 

Remainder 

Tin 

7 

5 

5 

5 

8 

5.0 

Lead 

9 

15 

20 

25 

15 

17.5 

Zinc 

3 




1.5-3 

5 0 

Antimony 




5 



Phosphor-copper 


1 

1 

1 

1 




Structural Bronzes 

Considering bronzes other than those used for bearing purposes, 
we find that '^Government Bronze (Navy Specification, 46M6a, 
Gun Metal), or 88 copper, 10 tin, 2 zinc, is used in large quantities 
and can be modified to admit of a saving of tin without impairment 
of the physical properties sought. .Experiments by the Bureau of 
Standards and others have shown that a composition of 88 copper, 
8 tin, 4 zinc, is equal or superior to the ordinary Government bronze. 
Aluminum bronze, of composition 90 aluminum, 10 copper, for example, 
can also be substituted for many uses of Government bronze; so also 
can manganese bronze and naval brass. Several aluminum bronzes 
containing small amounts of iron have also been introduced, which can 
be either cast or wrought and are now being employed by several former 
users of Government bronze. 

Some manufacturers have raised an objection to the use of aluminum 
bronze because the scrap accumulating from this alloy, if it should be- 
come mixed with other metals, particularly valuable metals, would have 
a deleterious effect upon them. This is simply a problem in works 
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management, requiring proper sorting and routing of scrap. We know 
of several large manufacturers who make aluminum bronze castings 
in proximity to steam metal castings, who, by taking the proper pre- 
cautions, have encountered no difficulties. 

Table 5 gives some of the properties of the above mentioned alloys: 


Table 5. 


Alloy 

Tensile 
Strength, Lb. 
per Sq In. 

Elastic Limit, 
Lb. Per Sq. In. 

Elongation 
in 2 In., Per 
Cent. 

1 

Authority 

Government bronze, 

38,860 

12,250 

25.2 

Average of 30 tensile 

88 Cu, 10 Sn, 2 Zn. 




specimens poured in 
5 different found- 
ries. Tensile tests 
made at the Bureau 
of Standards. 

88 Cu, 8 Sn, 4 Zn 

39,220 

11,000 

30.6 

Same as above; 26 





specimens only. 

Aluminum bronze 

71,000 

25,000 

21.0 

Corse & Comstock 



I 

Tram. Soc. Autom. 
Eng. (1916) 11, Pt. 
II, 272-73. 



Manganese bronze. 

70,000 

35,000 

30.0 

Navy Department 

U. S, N. 




Specification 46B15. 

Naval brass 

54,000 

25,000 

40 0 

Navy Department 


over 1 in. 



Specification 46B6b. 


60,000 
below yi in. 

27,000 

35 0 


Aluminum bronze with 





iron^ (Sillman bronze) 





Wrought 

84,400 

78,850 

14,000 

11,500 

11.5 

Bureau of Standards. 

Cast 

14.5 

Bureau of Standards. 



1 Cu, 86.4; Al, 9.7; Fe, 3.9. 


At the suggestion of the Imperial Electric Co., Akron, Ohio, the 
Bureau also made tests on Government bronze in which half of the tin 
was replaced by an equal amount of nickel. The averages of several 
tests on these alloys are shown in Table 6. 


Table 6. 


Partial 

Composition 

I Ultimate 
Strength, Lb. 
per Sq. In. 

Yield Point, 
Lb. per Sq. In. 

• 

Elongation 
in 2 In., Per 
Cent. 

Reduction in | 
jArea, Per Cent. 

Modulus of 
i Elasticity, 
Lb. per Sq. In. 

Cu 88, Sn 5, Ni 5, 
Zn2 

40,680 

13,050 

31.8 

28.0 

17,300,000 

Cu 89, Sn 4, Ni 4, 
Zn3 

i 

39,675 

11,500 

i 

31.2 

31.2 

1 

14,900,000 
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It will be observed that the above values are exceedingly good 
for this class of material, and that either of the above alloys can be used 
as a means of conserving tin. 

Many small machine-part castings are made of bronze which can 
just as readily, or even sometimes better, be manufactured of brass, 
t.e., copper-zinc alloj^s. Tin is also looked upon in many brass foundries 
as a cure-all for poor castings, and is often added to the mixture when 
trouble is encountered. This practice is not only questionable but should 
not occur in brass foundries; the cause of the poor castings should be 
determined and the proper remedies applied in a regular manner. 

Solders 

The composition of a solder will vary with the use for which it is 
intended. Formerly, every mechanic believed that nothing was as 
good as ‘^half-and-half, 50 tin, 50 lead. It is very seldom that a 50-50 
solder is necessary in the present emergency, and its use should be elimi- 
nated. No solder over 45-55 should be used for hand soldering with the 
iron, and in the majority of cases 40-60 will serve the purpose. Most 
plumbers use 40-60 for making wiped joints, whereas 37.5- 62.5 is just as 
satisfactory for all such purposes. Up to 1.5per cent.of thetinina wiping 
solder can be replaced by antimony, although this element is objection- 
able in solder for other purposes. 

In the manufacture of automobile or airplane radiators, very little 
solder of higher tin content than 40 per cent, need be used, and in many 
cases 35-65 solder is being used with success. For the canning industry, 
both in the manufacture and in the sealing of the can, 37.5-62.5 solder 
can be used with satisfactory results. Articles which are tinned previous 
to soldering can be tinned in a bath composed of the eutectic of tin 
and lead — 63 tin, 37 lead. This composition will be found to be fluid 
and will not segregate as will certain other tin-lead baths. 


Cadmium as Tin Substitute 

Cadmium appears a promising substitute for part of the tin in solders. 
The Bureau has been developing such a solder and laboratory tests, 
together with manufacturing experience, so far point to a composition 
of 80 lead, 10 tin, 10 cadmium as being practical for many of the pur- 
poses for which solder is required. This solder has been tried in the 
manufacture of tin cans, on roofing materials, and for electrical joints, 
with encouraging results in all cases. Before using it for food containers, 
however, it will be necessary to ascertain its toxic properties under 
various conditions. A test has also been made of it in the manufacture 
of automobile radiators, with most satisfactory results. 
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The tensile strength of the cadmium solder is about the same as that 
of 40-^0 solder, but the ductility is approximately twice that of the ordi- 
nary solders. The point of complete liquation is only slightly higher than 
that of the ordinary solders, while the range of soKdification is consider- 
ably greater. Table 7 gives some of the provisional data on these solders, 
as compared with tin-lead solders; the tensile properties are the average 
of four determinations made on a Scott testing machine, the rate of 
separation being about 12 in. per minute. 


Table?. — Physical Properties of Cadmium-lead and Tin-lead Solders 


Composition 

Initial 

Solidifi- 

cation, 

“C. 

Secondary 

Solidifi- 

cation, 

"C. 

Final 

Solidifi- 

cation, 

"C. 

Specific 

Gravity 

Equivalent 
Volume to 

1 Volume, 
50-50 
Solder 

Tensile 
Strength, 
Lb. per Sq 
In. 

Elongation 
in 2 in., 
Per Cent. 

50 Sn, 5^ Pb 

210* 

181* 

149’* 

8.81 

1.00 

5698 

20.3 

40 Sn, 60 Pb 

238* 

181* 

149* 

9.47 

1.07 

5820 

26.0 

37.5 Sn, 62.5 Pb 

i 245* 

181* 

149* 

» 9.54 

1.08 

5383 

28.8 

90 Pb, 10 Cd 1 

267 1 


249 1 1 

11.09 * 

1.26 

5000 

37.5 

80 Pb, 10 Cd, 10 Sn... . 

• 254 

183 

143 

10.35 

1.17 

5727 

52.3 

85 Pb, 10 Cd, 5 Sn 

257 

202 

141 

10.67 

1.21 



75 Pb, 10 Cd, 15 Sn. . . . 



.... 

10.26 

1.16 

5880 

41.7 


* Rosenhain and Tucker, Phil. Trans., Royal Society of London (1918) A 209, 89. 
t A. W. Kapp: Ueber vollstandige Gefrierpunktscurven binarer Metalllegirungen 
Drudds Ann. der Phys. (1901) 6, 754. . 


Because of the preponderance of lead in the cadmium solder, its 
price is very reasonable; with the present market prices of the metals 
involved, it is thought that the 80-10-10 solder can be sold, at a 
profit at 35 c. per pound. It is also thought that plenty of cadmium 
can be produced as soon as the market for it is created, as American 
sources of cadmium are undoubtedly available which are not at present 
exploited.^ 

In meetings with manufacturers of materials containing tin, it is 
always brought out that the Government is the worst offender, and 
that many Government specifications call for a lavish use of tin, which is 
sometimes detrimental to the quality of the material manufactured. 
We believe that many of these specifications are being revised in order 
to conserve tin, but there is room for further improvement. As a 
means of reducing the consumption of tin by the Government, we would 
suggest the advisability of creating a joint committee of technical repre- 
sentatives of the various departments to pass upon or revise all Govern- 
ment specifications containing tin. Such a committee could be in close 
cooperation with the manufacturers, and would offer a better opportu- 


^C, E. Siebenthal: Cadmium in 1917. Mineral Resources of the U. S. (1917) 
Pt. I, 49-53. Also “Sources of Cadmium in the United States/^ this Volume. 
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nity for the manufacturers to criticise the tin content of Government 
specifications than is now afforded in any of the Departments, 

DISCUSSION 

G. H. Clamer.^ — Dr. Burgess referred to the objection on the part 
of foundrymen to the use of aluminum bronze as a substitute for tin 
bronze, because the aluminum so introduced finds its way into the scrap 
pile and is the cause of a great many bad heats of metal. A foundry in 
Philadelphia, which keeps a very careful record of all bad heats, found 
that 90* per cent., at least, of bad heats are due to aluminum contents. 
The foundry makes principally copper, tin, and lead alloys, also some 
red-brass valve metal, etc. The presence of a very small amount of 
aluminum in mixtures of that kind makes them absolutely worthless, 
unless they go through a refining process to eliminate the aluminum, 
which of course is expensive. For years, methods of detecting the 
source of aluminum in mixtures has been sought. The scrap pile might 
contain anything from bird cages to valves and miscellaneous pieces 
weighing from a small fraction of an ounce to maybe thousands of 
pounds; the fact that such a very small amount of aluminum is injurious 
means that probably one casting in the whole charge of metal, which 
may be from several hundred pounds to a ton, is sufficient to cause the 
rejection of that particular heat; the difficulty is increasing every day, 
for more and more aluminum is being used in brass and bronze mixtures. 
Ordinarily it takes some years for brass to get back to the scrap pile, 
so that while probably 10 years ago we had only a comparatively few 
bad heats from that source, today the number is gradually increasing 
as the percentage of aluminum-carrying alloys is increasing. 

R. T. Roberts,* Elizabeth, N. J. — The wrought-metal manu- 
facturers also are having trouble keeping aluminum-bronze scrap from 
being mixed with their brass scrap. The two alloys used in wrought- 
metal are 95 copper, 5 aluminum and 92 copper, 8 aluminum, which have 
practically the same color as the ordinary 2-1 sheet brass. It is abso- 
lutely impossible to run those alloys in an ordinary brass mill and not 
get them confused with the regular brass. Each alloy is greatly superior 
to phosphor-bronze, either in a hard or a soft condition. An ordinary 
5 per cent, aluminum-bronze wire drawn down to 0.025 in. (0.63 mm.) 
will have a tensile strength of over 150,000 lb. per square inch (11,250 
kg. per sq. cm.). The same is true of an aluminum-bronze sheet for 
spring purposes. The only way the Government can successfully have 
aluminum-bronze substituted for phosphor-bronze will be to select one 
mill to handle the whole output and do nothing else; this would make 
an immense saving of tin in this present crisis. 


* Waclark Wire Co. 



184 


A SYMPOSIUM ON THE CONSERVATION OF TIN 


Babbitts and Solder 

G. W. Thompson,* Brooklyn, N. Y. — This subject has two aspects, 
neither of which can be ignored: these are the economic aspect and the 
technical aspect. Under ordinary conditions, economic law will take care 
of the conservation of tin. Under present conditions it seems desirable 
that economic law should still be permitted to operate as far as is practi- 
cable. It is true that this law operates rather slowly, and that under war 
conditions it cannot be depended upon to give our Government the supply 
it immediately needs. There should, therefore, be a designation of the 
essential industries by the Government, and tin should be supplied for 
those needs, letting the non-essential industries take what is left. At the 
same time, information ought to be forthcoming as to how tin can be 
conserved; with tin selling at 80 c. per pound, more or less, it is to the 
interest of every consumer to get the best information he can as to how 
he can save tin. Economic law would properly punish those who do not 
study their own interests in this way. I deprecate, therefore, any cen- 
tralized socialistic effort toward avoiding penalties through failure to 
observe and obey economic law. In saying this, however, I am not un- 
mindful that it is desirable for our Government to take such control of 
the tin situation as may be necessary to the prosecution of the war, 
practically regardless of the effect of such action upon individual in- 
dustry, which should studiously seek to adjust itself to the new con- 
dition. The Government should promulgate such technical information 
as it can collect, showing how tin can be conserved, and should urge upon 
every consumer the exercise of his common sense in self-protection. 
There is very little danger of any one attempting to hoard or corner tin, 
in the present state of the market. Most consumers will be glad to live 
from hand to mouth, covering their sales by purchases, or vice versa. 

As to the technical aspects: Tin and tin alloys 'are used to give 
certain practical and also certain artistic results. The practical factors 
are those involved in proper adhesion, continuity of surface, protection, 
the right degree of hardness, proper working qualities, etc. The artistic 
results are those that appeal purely to the eye or to our cultivated sense 
of what is desirable. There is no doubt that a great deal of tin could be 
saved if there were not a demand for certain pleasing effects. How Can 
this saving be brought about? The users of tin bearing alloys are not 
the only ones involved in this question. The manufacturers of solder 
and babbitt have for a long time sought to give certain appearances 
to their fabricated bars and ingots in order to make them more salable. 
The user of a solder is very apt to judge of its working qualities by the 
appearance of the bar; the same thing is true with regard to babbitts. 
Under ordinary conditions, manufacturers are justified in trying to 


National Lead Co, 
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produce attractive and consequently more salable products. It would 
seem, however, that if solder and babbitt were cast in closed molds, just 
as good practical results would be obtained by the user, without his being 
able to give preference to solders of unnecessarily higher grade on account 
of their appearance. It would be hopeless for any one manufacturer of 
solder to undertake a change of this kind, but if all manufacturers of 
solder agreed upon it, they would be able, in my opinion, to get the users 
of solder to take, and to approve by their practical tests, metals containing 
less tin than they have been accustomed to. The same is true with re- 
gard to babbitt metals. 

An illustration of how, in the use of an alloy, appearance sometimes 
is deceptive, is to be found in the case of what may be called intermediate 
grades of babbitt. I am thoroughly convinced that high-tin or high-lead 
babbitts are better than those containing both lead and tin with relatively 
high percentages of each. A high- tin babbitt should not contain more 
than about 10 per cent, of lead, and a high-lead babbitt should not contain 
more than 10 per cent, of tin, unless the percentage of antimony can be 
correspondingly increased. The intermediate babbitts, such as those that 
contain from 30 to 70 per cent, of lead or tin, may give nice appearing, 
castings that flow easily, but they have not the serviceability of the high- 
lead or high-tin babbitts. Their hardness diminishes very rapidly as the 
temperature rises, and they have a relatively low softening point due to 
the eutectic components present. 

The Cadmium Supply of the United States* 

C. E. SiEBENTHAL, t Washington, D. C. — From being one of the most 
maligned of metals — a veritable bugaboo — cadmium has almost over- 
night become respectable, though its slender claim to respectability rests 
almost wholly on the possibility of its substitution for tin. Preliminary 
to any campaign for such substitution, particularly for enforced substi- 
tution, the possible supply of cadmium should be determined as closely 
as possible; for that reason the statistical inquiry of which this paper 
embodies the results was undertaken. 

Production 

Cadmium is marketed in two forms, as metallic cadmium, in sticks 
or bars, and as cadmium sulfide, the pigment. The metal has found 
its greatest field of use in this country as a component of an easily fusible 
alloy that is used in automatic fire extinguishers. The sulfide is 
used to some extent in paints but chiefly to give color and luster to glass 
and porcelain. 

The metal was first made in this country by the Grasselli Chemical 

* Published by permission of the Director, U. S. Geological Survey, 
f Geologist, U. S. Geological Survey. 
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Co. in 1907. Since 1910, the production has grown rapidly until, in 
1916, the output was over 135,000 lb. and in 1917 over 207,000 lb. The 
output of cadmium sulfide for the same years increased from 22,000 to 
50,000 lb. The market for cadmium was a little slow in the first half 
of 1918, stocks accumulated to some extent, and production was some- 
what curtailed. In the first eight months, the output was 118,700 lb. 
of metallic cadmium and 36,500 lb. of the sulfide. The stocks on hand 
Aug. 31 were 161,000 lb. of metallic cadmium and 23,500 lb. of the sul- 
fide. Other companies now manufacturing one or both forms of cad- 
mium are the American Smelting & Refining Co., the U. S. Smelting, 
Refining & Mining Co. (including the lead smelter at Midvale, Utah 
and the electrolytic zinc plant at Kennett, Cal.); the Krebs Pigment & 
Chemical Co.; and the Midland Chemical Co. To these will shortly be 
added the Anaconda Copper Mining Co., the Judge Mining & Smelting 
Co., and the Consolidated Mining & Smelting Co. (Ltd.), of Trail, B. C., 
with the possibility of still others. Several plants producing cadmium- 
bearing residues have sold them to other companies already equipped 
to recover the' metal. This points the way to custom cadmium-reduc- 
tion plants large enough to handle economically the product of those 
plants whose output is too small to justify individual reduction plants. 

Sources 

There are several cadmium minerals, but none of these occur in 
profitable quantities as ores. The cadmium of commerce is derived from 
zinc minerals and ores, in almost all of which it occurs in minute quantity, 
the ratio being about 1 of cadmium to 200 of zinc. Cadmium behaves 
metallurgically almost the same as zinc and hence constitutes a fraction 
of 1 per cent, of almost all spelter. The sources of cadmium that have 
been utilized are zinc ores treated by fractional distillation, lead-furnace 
bag-house ^^fumes,’^ and residues from the purification vats of electro- 
lytic zinc plants and lithopone plants. 

Fractional Distillation of Zinc Ores ,, — Prior to the beginning of pro- 
duction in the United States, cadmium was made principally by Germany, 
where it was derived from zinc ores by the mqthod of fractional distilla- 
tion, which has never been practised to any extent in the United States. 
As cadmium has a higher volatility than zinc, the first vapor to distil 
over, which is ordinarily caught as ^^blue powder,” contains a greater 
proportion of cadmium than that going over later. This enriched 
*^blue powder” by special treatment has yielded most if not all of Ger- 
many's output of cadmium. Aside from the United States, Germany is 
the only important producer of cadmium, and her annual output in the 
years just before the war was about 80,000 pounds. 

In the early years of the war, spelter containing more than 0.05 
per cent, of cadmium was supposed to be unsuitable for cartridge brass. 
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Most spelter distilled in the United States and elsewhere averages from 
0.2 to 0.3 per cent, of cadmium, the cadmium content ranging from a 
trace to about 0.75 per cent. The distillers of cadhaium-free ores and 
the electrolytic zinc plants were not able to produce all the high-grade 
spelter needed for munitions. In this exigency several processes were 
proposed or revived to remove the cadmium from zinc ores. In one 
process it was proposed to add carbon to the zinc concentrates near the 
end of their journey through the long roasting hearth and at the same 
time bring the temperature up to such a point that the cadmium would 
distil freely, but not high enough to drive off much zinc. The vapor 
coming off could be collected and further refined to recover the cadmium. 
Such a process offers a possibility of recovering some part of the 1500 
tons of cadmium contained in the zinc sulfide concentrates produced in 
the Joplin district in 1917. The acceptance of spelter with 0.5 per cent, 
of cadmium as Army ''high grade/^ however, took away the incentive to 
remove the cadmium, though this process was for a time put into practice 
at one smelter. 

Lead-furnace Fumes , — All lead ores contain a certain amount of zinc. 
In but one important lead-producing district in the United States, the 
disseminated lead district of southeastern Missouri, is the quantity of 
zinc too small to pay to separate in ore-dressing. When lead ores are 
smelted, the infinitesimal quantity of cadmium in the charge is separated 
from the associated zinc, the latter going into the slag and the cadmium 
going over with the fumes and being caught in the bag house, together 
with the lead and arsenic which were in the fumes. When these fumes 
have accumulated in sufficient quantity they are ignited and burnt to a 
clinker. This is charged back into the blast furnace, and the cadmium 
returns over the same route, accompanied by the cadmium content of the 
fresh charge of ore. Thus the cadmium and arsenic are constantly 
enriched while the lead remains constant. At one lead smelter, which has 
been in operation 6 years, the bag-house dust carries 8 per cent, of cad- 
mium. The percentage of cadmium in the bag-house fumes at different 
smelters ranges from less than 0.1 to 10 or 15 per cent. The rate of 
enrichment of course depends on the nature of the ore that is being 
smelted. When the fumes are sufficiently rich in cadmium and arsenic, 
the arsenic is removed in the arsenic furnace and the residues, which may 
contain as high as 30 or 40 per cent, of cadmium, are treated for the 
recovery of that metal. Not all lead smelters are equipped with bag 
houses, and some lead ores contain very little cadmium. Nevertheless 
the bag-house fumes from lead blast furnaces must in time become en- 
riched to the point where cadmium can be recovered from them. Such 
fumes have been hitherto the main source of the cadmium produced in 
this country. 

Electrolytic Zinc-plant Residues . — In the reduction of zinc ores by 
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le ching and electrol 3 rfcic deposition of the zinc, the zinc solution, prior 
to electrolysis, is cleared of cadmium by precipitation with zinc dust, for 
the presence of more than 0.05 per cent, of cadmium in spelter prevents 
it being classed as grade A in the Navy specifications. As between a zinc 
plant and a lead plant treating the same quantity of concentrates the 
zinc plant would handle from four to ten times as much cadmium because 
of the greater amount of zinc involved. It can be seen, therefore, that 
electroljdiic zinc-plant residues will soon be a very important source 
of cadmium. About one-third of the supply in sight at present will come 
from the zinc plants. As both the zinc and the cadmium are recovered 
electrolytically the question of metallurgic supervision is simplified. 

Since the early part of 1915, the demand for high-grade spelter has 
been so great that a considerable quantity of prime western spelter has 
been refined to the high grade either by redistillation or by electrolysis. 
In electrolysis the anode muds contain the impurities of the original 
spelter anode, which consist of cadmium, lead, and iron. Some cadmium 
has been recovered from such muds. 

Lithopone-plant Residues , — In making lithopone the necessary zinc 
is supplied by dissolving in sulfuric acid zinc ashes and galvanizer^s 
drosses, refuse zinc oxide, or roasted zinc concentrates. The zinc sul- 
fate solution thus obtained must be purified by precipitating out the 
deleterious ingredients, among which is cadmium. The cadmium resi- 
dues are concentrated to a usable degree of richness and worked up or sold. 
The cadmium at lithopone plants is most conveniently recovered in 
the form of the sulfide. 

Brass-shop Fumes , — A competent authority estimates that 3 per cent, 
of the zinc used in brass manufacture escapes in the form of fumes. One- 
half of this zinc escapes up the flues in the melting and may be precipi- 
tated by Cottrell apparatus or otherwise, but the other half escapes into 
the air in pouring from the melting pots and is lost. The Bureau of 
Mines estimated several years ago that 400 lb. of cadmium was lost 
daily in such fumes at Waterbury, Conn. It is hkely that the quantity 
is less now, relatively at least, because of the prevailing wider use in 
brass-making of spelter practically free of cadmium. 

The fumes are richer in cadmium than the spelter used, because of the 
higher volatility of cadmium. They average about 0.2 per cent, of lead, 
2 per cent, of copper, 30 per cent, of zinc, and from 1 to 1.5 per cent, of 
cadmium. If such fumes were used in the manufacture of lithopone, 
the resulting residues would be much richer in cadmium than those 
obtained when zinc ashes are used. 

Resources 

A canvass was made of lead smelters, electrolytic zinc reduction and 
refining plants, hthopone plants, and a few typical brass works, with the 
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object of ascertaining the yearly recovery of cadmium in fumes and resi- 
dues, the accumulated stocks of such materials, and the maximum yearly 
capacity of the cadmium-reduction plants. Completeness cannot be 
claimed for the results, but fairly detailed replies were received from the 
larger producers. Little attention has been paid to the cadmium content 
of fumes and residues, especially at plants where it accumulates in small 
quantity. 

According to the data in hand, cadmium is accumulating at lead 
smelters at the rate of 350 to 400 tons annually and the stocks of fumes 
contain over 750 tons of cadmium. At electrolytic zinc plants about 
200 tons is accumulating annually and the stocks of residues contain 
about 400 tons. At lithopone plants probably 50 tons is produced 
yearly and about 25 tons is contained in stocks. In round numbers, 
then, 600 tons accumulates annually, and there is on hand approximately 
1200 tons in stocks of fumes and residues. Not all the stocks are rich 
enough for the cadmium to be commercially recovered but perhaps mate- 
rial that carries 1000 tons is suitable for treatment. The average recov- 
ery of cadmium is about 75 per cent. We may therefore estimate 750 
tons of recoverable cadmium in residues in stock. An increase in the 
number and capacity of electrolytic zinc plants will correspondingly in- 
crease the annual accumulation of cadmium. 

Reduction Capacity 

The maximum’ capacity for metallic cadmium reported by producers 
is 29,000 lb. a month, or about 175 tons a year. This capacity will 
be increased by the entrance into the producing list of the electrolytic 
zinc plants mentioned above. If the price of cadmium and the demand 
for it should justify expansion, the producing capacity could no doubt 
be brought up with reasonable promptness to 500 tons or more yearly. 
The price of cadmium will be the deciding factor also in determining 
what grade of cadmium fumes can be worked at a profit. 

Prices 

In 1875, cadmium was quoted in the United States at $3.20 a pound. 
In 1886, the average price for the total output of Germany was 80 cents 
a pound; but in 1890 and 1892, it fell off to 38 cents. In 1897, because 
of certain purchases by the Imperial Government, the price rose to $1.23 
a pound. In 1907, when the United States began making cadmium, the 
German average price was 84 cents. The price in the United States 
went down to 53 cents in 1909, but it has been steadily rising since. In 
1916, the average price was $1.56 a pound; and in 1917, it was $1.47. 

The cost of material for tin and cadmium solders of various formulas 
is shown in the following Table 1. 
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Table 1 . — Cost of Material in 100 Pounds of Solder, Oct, 1, 1918 



— 

60 Parts Lead 

60 Parts Tin 
Dollars 

60 Parts Lead 

40 Parts Tin 
Dollars 

80 Parts Lead 

10 Parts Tin 

10 Parts Cadmium 
Dollars 

92 Parts Lead 

8 Parts .Cadmium 
Dollars 

Lead at 8.05 cents . . 

4.03 

4.83 

6.44 

7.41 

Tin at 80 cents 

40.00 

32.00 

8.00 1 


Cadmium at SI. 50. . 



15.00 

12.00 

Total cost 

44.03 ! 

36.83 

29.44 

i 

19.41 


The solder containing 80 parts lead, 10 parts tin, and 10 parts cad- 
mium can be made as cheaply as the half-and-half solder with cadmium 
at $3.00 a pound and as cheaply as solder containing 60 parts lead and 
40 parts tin with cadmium at $2.25 a pound. The solder containing 92 
parts lead and 8 parts cadmium can be made as cheaply as the lead-tin 
solders with cadmium at $4.00 and $3.25 a pound respectively. 

DISCUSSION 

M. L. Lissberger,* New York, N. Y. — We have heard a good deal 
about replacing the tin in solder by cadmium, but we have not heard 
anything about using cadmium in bronzes, brasses, and many other 
places where cadmium is already found with the zinc. If, however, 
only 160,000 lb. of cadmium are available and it is desirable to con- 
serve tin, why not substitute cadmium for tin in bronze first? Those 
who have worked in cadmium think little of it in a solder. Cadmium 
solder may have its uses in electrical work, when it is made in the form 
of wire or ribbon, and is melted with a blowpipe; but when used for 
bath work, cadmium is soon oxidized and the bath becomes unwork- 
able. As soon as an attempt is made to mix cadmium and lead, the 
cadmium is converted into an oxide, A tin-lead solder is an absolutely 
permanent mechanical mixture; to use cadmium solder until its perma- 
nency is known is dangerous. In addition, the effect of cadmium solder 
on food is not known; but it is known that solder containing 80 per 
cent, lead should not be used in any food container where there is any 
danger of the lead getting into the food. 

There are means of conserving tin .without danger. Bearing manu- 
facturers could use all the cadmium that will be available for the next 
3 or 4 years if a method for thus using it could be found, and thus 
save the tin now used in bearings for purposes where a dependable 
substitute has not yet. been found. The use of phosphor-tin frequently 
permits the use of less tin in a mixture, because in many cases tin is 
used merely to smooth the mixture. But one of the chief places to 


* President, Marks Lissberger & Son, Inc. 
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conserve tin is in the plant. Care should be taken to prevent ifes going 
into oxides, drosses, and other waste and not to use scrap that contains 
tin in mixtures that do not require tin. Scrap containing tin should 
be employed only in mixtures in which tin must be used. 

Charles W. Hill,* East Pittsburgh, Pa. — The use of lead-cadmium 
solders is complicated by the ease with which cadmium oxidizes. The 
addition of tin or zinc to lead-cadmium mixtures appears to reduce this 
tendency toward oxidation, so that these holders may be readily used 
in iron soldering and if precautions against overheating are taken they 
may be used in pot soldering. 

Zinc is only slightly soluble in lead-cadmium mixtures. Increasing 
percentages of cadmium increase the tendency to oxidation and raise 
the cost of the solder without increasing its strength. Most of our 
experiments have been made with a solder composed of lead 90.8 per cent., 
cadmium 7.8 per cent., and zinc 1.4 per cent. We have experienced no 
difficulty in preparing these solders using the ordinary precautions of 
solder mixing. They are stronger than the lead-cadmium-tin solders 
especially at temperatures above 25° C. At 100° C., they seem to be 
from 50 to 100 per cent, stronger than half-and-half solder and about 
30 to 50 per cent, stronger than pure tin. The tests were made by pull- 
ing apart two copper cylinders that had been soldered end to end. This 
strength at high temperatures is of value in soldering apparatus that 
will become heated from one cause or another, such as articles which 
are to be japanned or are heated by steam. In this respect the lead- 
cadmium-zinc solders are much superior to lead-cadmium-tin solders. 

The lead-cadmium-tin solders cannot be fluxed well without the 
use of a metallic chloride flux such as zinc chloride. They give good 
results on certain metals with organic fluxes, such as rosin or glycerine, 
but the soldered joint is stronger when zinc-chloride fluxes are used. 
We have soldered tin cans with zinc-cadmium-lead solders without the 
use of a flux. The matter of flux is of extreme importance in many 
cases, because of the corrosive action of excess flux left on the soldered 
article. This is true with copper. 

It is quite probable that any danger from the use of these solders for 
tin cans used for foods would arise from the lead content and not the 
cadmium, which, contrary to the opinion expressed, is quite a stable 
element, except at high temperatures. It would obviously be dangerous 
to employ such solders in contact with foodstuffs without sufficient 
experimentation. The lead content of solders can be lowered and it is 
quite possible that some of the higher cadmium solders will not be 
injurious to health and will not be attacked by the contents of food cans. 

In conclusion it may be said that lead-cadmium zinc solders are 
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entirely suitable for certain uses and even possess advantages over 
present solders at high temperatures, but they are certainly not suitable 
for all uses. However, it is conceivable that their use in many places 
will effect a material conservation of tin. It will probably be wiser to 
use cadmium in solders where good results have been obtained than in 
brass where this element will be a source of possible trouble. 

F. F. CoLCORD,* New York, N. Y. — The cadmium-lead solder has a 
higher conductivity than the lead-tin alloy, which ought to make it 
advantageous in the manufacture of electrical machinery. In the case 
of solder for tin-can work, one of the high officials of the American Can 
Co. said that he fully intended to give it a good trial, and I do not be- 
lieve they are going to reach hasty conclusions and run the risk of poison- 
ing the public. 


Solder, Its Use and Abuse 

Milton L. LissBERGER,t New York, N. Y. — Solder is a mechanical 
mixture of tin and lead, a fact which is susceptible of very simple demon- 
stration. A bar of solder of a grade even as low as 30 per cent, tin and 
70 per cent, lead, passed through a buffing machine, will show a surface 
practically identical with that of a bar of second-quality or reclaimed 
tin. The buffings, on chemical analysis, will prove to be almost pure 
lead. 

According to the best practice, solder is made in the following manner. 
Virgin pig lead is first melted, and when it is thoroughly liquefied, virgin 
pig tin is added, together with a small amount of flux; the latter is for 
the purpose of bringing to the surface the so-called 'Tiver,'' consisting of 
impurities that may have remained in either the lead or the tin- as a 
result of incomplete refining. The combined material, when completely 
liquid, is thoroughly stirred for some hours, and is then cast into small 
pigs. Just before casting, and continuously during this operation, the 
molten metal yields dross, consisting largely of the oxides of lead and 
tin ; this should be carefully skimmed off. 

After the pigs have cooled, they are taken to a smaller kettle, re- 
melted, and cast into the desired shape for use; or if wires, ribbons, etc., 
are to be made, the solder is cast into slugs suitable for extrusion and 
rolling. During this second operation, the skimming of dross should be 
even more carefully done than at first. 

Hand mixing has proved to be the only reliable method for the pro- 
duction of the best quahty of solder, irrespective of its percentages of 
lead and tin. The best quality of solder is not necessarily. that which 
contains the highest percentage of tin, but rather is that composition 
which performs best on the required piece of work. In order to produce 

* U. S. Metals Refining Co. 
t President, Marks Lissberger & Son, Inc. 
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a tliOl^Otigh mechanical mixture, it is necessary to stir for a long period; 
experience has shown that to perform this operation satisfactorily takes 
from 5 to 6 hr., irrespective of the quantity of material being mixed, 
and also irrespective of the proportion of tin in the mixture, whether 60 
per cent., or as low as 30 per cent. 

Throughout the casting process, what occurs is that the lead solidifies 
in skeleton crystals until the remaining liquid has the eutectic composi- 
tion, when it freezes at a constant temperature as a mechanical mixture 
of tin and lead containing some tin in solid solution. It is remarkable 
how many shapes these skeletons take. The seeming explanation of this 
variation is the presence of other metals than tin and lead, in very small 
proportion, or even traces. 

An analysis, made in 1901, of borings taken from a section of a pig 
of solder at the points indicated in the accompanying diagram^ showed 
the tin content to be as follows: No. 1, 

59.06 per cent.; No. 2, 52.99 per cent.; 

No. 3, 38.43 per cent.; No. 4, 39.07 per 
cent.; No. 5, 45.62 per cent.; No. 6, 39.33 
per cent.; No. 7, 38.82 per cent. Table 1 
gives the breaking stress' of twenty-five 
grades of wire solder of No. 9 Birmingham 
gage; tin wire of this gage breaks when 
subjected to a stress of 120 lb. and lead 
wire, when subjected to a stress of 49 lb. 

Table 2 gives the bursting pressures per 
square at different temperatures for twenty-four grades of solder; in each 
case the pressure is dead, not expansive. 

In arriving at these figures, it was impossible to use an expansive 
test because, after a number of experiments, it was observed the figures 
differed materially. It was then determined to use dead pressure, and 
this was found accurate with an atmospheric temperature of 56° F . ; but 
when the tests were subjected to heat at 212° F. it was discovered that 
the length of time to which the test was subjected in this degree of heat 
made an important difference in the amount of pressure required to pro- 
duce the burst. When subjected to 240° F. the difference was found still 
greater, and in both cases the longer the test was subjected to heat the 
less pressure was required to produce the fracture. The figures giving 
the bursting points at 212° and 240° must, therefore, be regarded as 
only approximately correct. 

With the idea of conserving tin, solders should be separated into two 
classes : 



Diagram showing position in 

PIG OF BORINGS. 


^ For this diagram and the tables appended we are indebted to Dr. G. W. Thomp- 
son of the National Lead Co. 
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Table 1. — Breaking Stress of Wire Solder of No, 9 Birmingham Gage^ 


Tin, 

Per Cent. 

Lead, 

Per Cent. 

Breaking 
Stress, Pounds 

Tin, 

Per Cent. 

Lead, 

Per Cent. 

Breaking 
Str^, Pounds 

25 

75 

‘ 65 

48 

52 

93 

28 

72 

68 

50 

50 

1 95 

30 

70 

69 

52 

48 

1 97 

33.3 

66.6 

73 

54 

46 

98.5 

35 j 

65 

74 

56 

44 . 

101 

36.5 

64.5 

78 

58 

42 

103 

37 

63 

79 

60 

40 

105 

38 

62 

80 

62 

38 

106.5 

38.5 

61.5 

78 

64 

36 

108 

40 

60 

84 

67 

33 

109.5 

42 

58 

85 

70 

30 

112 

44 

56 

87 

75 

25 

115 

46 

54 

91 





Table 2. — Bursting Pressure 'per Square Inch of Solder at Different Tem- 


peratures 


Tin, 

Per Cent. 

Lead, 

Per Cent 

At 56° P., 
Pounds 

At 212° F., 
Pounds 

At 240° F., 
Pounds 

25 

75 

362 

146 

74 

28 

72 

384 

00 

77 

30 

70 

417 

170 

84 

32 

68 

436 

179 

88 

33.3 

66.6 

443 

181 

89 

35 

65 

460 

188 

93 

37 

63 

476 

196 ^ 

97 

38 

62 

482 

199 

99 

40 



202 

100 

42 

58 

497 

208 

103 

45 

55 


212 

105 

46 

54 


213 

106 

48 

52 

515 

215 

107 

60 


522 

220 

j 109 

52 

48 

527 

223 

111 

54 

46 

527 

223 

! Ill 

56 

44 

528 

223 

! Ill 

58 

42 

533 

227 

113 

60 


533 

227 

i 113 

62 

38 

535 

227 

! 113 

64 

36 

539 

227 

114 

66 

34 

541 

227 

114 

70 



230 

115 

75 

25 

, 561 

235 

1 

118 


* Experiments made by F. W. Schultz and recorded in his book on Solder published 
in 1908. 
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(1) That which is used strictly for soldering, that is, joining and hold- 
ing together two pieces of metaL 

(2) That which is used primarily for the filling of an interlocked joint, 
SO as to prevent the escape of the contents of a container. It is these 
filling metals that offer the greatest opportunity for the conservation of 
tin. It is only necessary that the metal shall flow into the seam, and 
solidify into an impenetrable mass. 

The greatest abuse of solder occurs in the use of high-tin mixtures for 
filling metals. A mixture of 25 per cent, tin and 75 per cent, lead, worked 
at the right temperature and with proper fluxing, is high enough in tin 
for any filling purpose, as has been demonstrated in the practice of the 
oil canners, notably the Standard Oil Company. 

The filling operation is usually conducted by machinery, but the 
users have frequently not realized that the baths are considerably richer 
in tin at the top, through which layer the container is being dragged, 
than the solder that is put into the baths. When the 40:60 solder, 
most commonly used on automatic can-making machinery, has not 
worked entirely satisfactorily, it has often been found that the addition 
of 1 or 2 in. to the depth of the bath has made the solder work very 
much better. Hence, one of the best means of conserving tin in can- 
making solder is to deepen all baths, whether on line machinery or for 
hand dipping, thus permitting the use of a lower-grade solder. Owing 
to the increasing adoption of the so-called sanitary can^^ in the food- 
canning industry and of the interlocked seam for oil and other containers, 
it is safe to estimate that over 75 per cent, of the entire consumption of 
solder is used as filling ; hence, the possible saving of tin in this direction 
becomes highly important. 

The fact that solder dross contains a higher percentage of tin than 
the original solder has usually been explained on the assumption that 
tin oxidizes more rapidly than lead. The probable explanation is that 
in solder baths the lead is gradually working toward the bottom and the 
tin to the top, where it is exposed to the oxygen of the air; thus the oxide 
of solder is richer in tin than the original solder. 

The overheating of solder is not only detrimental to the work, but 
also causes some, though not a very great, waste of tin through the ex- 
cessive production of oxide. While this oxidation may be a source of 
considerable expense to the package manufacturer, it is not actually a 
very serious loss of tin because the reclaiming of these drosses, or oxides, 
has been so perfected that very little of the original metallic contents is 
lost. In these days, however, when every ounce of tin should be con- 
served, both to insure a sufficient supply for the most essential work, 
and to save the useless transportation of a material which comes such 
long distances by boat, overheating should be avoided, and all baths 
should be covered with a protecting material such as sal ammoniac, oil, 
charcoal, or ash, 
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In this connection, it should be emphasized that every particle of 
solder oxide should be preserved, and sent to the reclaimer. A teaspoon- 
ful of solder dross contains enough solder to make a 5-gal. can or 100 
No. 1 cans.' In many plants, even those of some of our largest con- 
sumers of solder, this dross is not collected and saved with sufficient 
care. It is seldom that a thorough cleaning and gathering together of 
the oxides takes place more than once a week. 

Fire will purify these reclaimed materials, when properly refined, 
and in purity they will compare favorably with the virgin materials. 
However, too little attention has been paid to the proper refining of 
these scrap metals. Usually they have simply been put into a kettle, 
melted down, and then brought up or down to the required composition. 
This is not sufficient. Reclaimed metals are never equal to virgin 
metals, no matter how much refining they undergo; nevertheless, for 
certain classes of work they are economical and efficient. The repeated 
use of metal affects its physical permanency; yet the margin of safety 
in the use of solder is so large, and the length of time that solder is 
required to remain on the container is so comparatively short, that 
any lack of permanency can usually be safely disregarded. 

After many years of experience, we have developed the following 
method of manufacture. The lead is first melted at a temperature which 
does not cause too rapid fusion. After the dross has had a chance to 
rise to the surface, it is carefully skimmed off before the required amount 
of tin is added, and slowly reduced to the liquid state. From the moment 
the tin is added, the solder is stirred by hand for 3 to 4 hr. A scavenger 
is then added and thoroughly worked for another 3 to 4 hr. ; the resulting 
dross is again skimmed, and the solder is cast into pigs of approximately 
80 lb. each. These pigs are then remelted in smaller kettles at a tem- 
perature which just causes free fluidity, and the solder is then cast into 
the desired shapes. During the entire operation of final casting, the 
caster stirs every time he takes a ladleful from the pot. 

This work could be done much more rapidly at higher temperatures, 
and much more economically by the use of mechanical mixers, but the 
resulting solder would not be so thoroughly mixed, nor would it be so 
fluid. Mechanical mixing has a tendency to drive the oxide and dross 
back into the metals, thus diminishing the holding power of the solder. 
The scavenger must be chosen with great care, and the amount must be 
very accurately gaged; otherwise the scavenger becomes a constituent 
of the finished product, and, instead of being beneficial, is a detriment. 
We have found that in the grades of solder containing 46 per cent, and 
less of tin, the addition of 3^ to % per cent, of the best grades of antimony 
increases the fluidity and holding strength of the solder for working 
tin plate. 

Next to its use for containers, the largest consumption of solder 
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has been on gasolene motor radiators. The hand work on these radiators 
requires merely a free-flowing clean solder, but on the dipping work, 
where most of the solder is used, the greatest abuse has been practised. 
As these radiators are composed of copper, low brass, or ordinary brass, 
no antimony whatever should be added to the solder used for this purpose. 
Also the affinity of tin and lead for zinc and copper will draw both of 
these metals from the radiators into the baths, and as both copper and 
zinc make solder sluggish, it does not take long (unless proper methods are 
employed for cleansing the baths) for the solder to become deteriorated. 

These baths can be thoroughly cleaned by a mixture of rosin and 
sulfur, but as this operation produces very disagreeable black smoke 
throughout the plant, some method should be devised for disposing of it. 
When sulfur is used for removing zinc and copper, a sufficiently high 
temperature should be employed to insure the complete combustion of the 
sulfur. The baths should then be allowed to settle for at least half an 
hour after such heating, and the top carefully skimmed to remove any 
sulfides present. It is important to note that the presence of any non- 
metallic substance is injurious to solder, whether it has been added as a 
scavenger or is liberated from the original metals. 

The question is frequently asked, what is the strongest solder that 
can be made? Numerous experiments have been made, but the results 
are confusing. Tests of tensile strength, based upon wires and cast bars, 
indicate that the higher the tin, up to 75 per cent, tin, 25 per cent, 
lead, the greater the breaking strength; in the case of two pieces of 
tin plate soldered together, the maximum strength is given by a solder 
containing around 42 per cent. tin. Other tests were made on square 
5-gal, cans, completely filled with water and then capped ; when dropped 
from a height of about 100 ft,, the cans soldered with 46 per cent, tin, 
54 per cent, lead, in no case broke at the seams, although the tin plate 
was ruptured. This was the only mixture that gave this result. Cans 
soldered with 47 per cent, or more of tin, 53 per cent, or less of lead, 
and with 45 per cent, or less of tin, 55 per cent, or more of lead, occa- 
sionally ruptured at the seams. These experiments were made most care- 
fully and were afterward confirmed by subjecting the cans to air pressure. 

I am thus inclined to believe that, in round figures, 46 per cent, 
tin, 54 per cent, lead, is the strongest mixture that can be used for gen- 
eral soldering purposes, particularly if 3^^ to per cent, of antimony 
be added to the mixture. The Bureau of Standards, with the approval of 
the War Industries Board, suggests that the highest grade of solder per- 
mitted should be 45 per cent, tin, 55 per cent. lead. For mechanical sol- 
dering, 40 per cent, should be the highest tin ratio, and for most bath 
work it has l^een demonstrated that tin from 35 per cent, to 38 per cent., 
according to the nature of the work, will give ample satisfaction, pro- 
vided the solder is made properly. 
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Constitution of Tin Bronzes 

BY SAMUEL L. HOYT,* E. M., PH. D., MINNEAPOLIS, MINN. 

(Milwaukee Meeting, October, 1918) 

The writer has long been interested in seeking an explanation of the 
upper heat effect in the copper-tin alloys over the a + range, first 
described in 1913. These notes are offered, not at all as the final explana- 
tion of this heat effect, but rather to indicate certain progress which 
has been made toward establishing what happens over this temperature 
interval. 

While working on the thermal analysis of the copper-rich kalchoids 
(copper-tin-zinc alloys), it was noted that those alloys containing major 
portions of tin and minor portions of zinc exhibited two marked heat 
effects, one at about 520° C. and the other at about 600° C., instead of the 
single effect which is generally observed in either of the two binary series. 
This matter was discussed with Dr. Guertler, who suggested that a heat 
effect at about 600° C. in the pure copper-tin alloys might be expected. 
This led to a more searching examination of the thermal critical points 
in the pure copper-tin alloys, with the result that a marked, although 
somewhat weak, heat effect was located at about 600°. Somewhat later, 
this upper heat effect was discussed with Dr. Burgess, and it was re- 
quested that the Bureau of Standards make heating and cooling curves 
of one of these alloys for the purpose of removing any possible doubt 
as to the actual presence of the heat effect. Results obtained by the 
Bureau are given in Plate I. 

In an earlier paper^ differential curves were published showing that 
the heat effect occurred at constant temperature over the a + ^ range 
and increased in magnitude with the amount of jS up to a point somewhat 
above 20 per cent. tin. No heat effect was noticed at this temperature 
in the eutectoid alloy. 

The existence of this heat effect seems to require a modification of the 
present copper-tin diagram in the a + jS field, and it has been the object 
of the work here presented to secure the evidence upon which such a 
change should be based. 


* Associate Professor of Metallography, University of Minnesota. 

^ S. L. Hoyii: On the Copper-rich Kalchoids. Journal^ Institute of Metals (No. 
2 , 1913 ) 10 , 236 . 
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Inasmuch as this upper heat effect is much more marked in the 
ternary alloys, and is probably due to the same cause, a small bar, 4 
in. (10.16 cm.) long, of an alloy 75 Cu, 15 Sn, 10 Zn, was heated over 
its entire length to a temperature of about 700° C., or well above the 
upper heat effect. The bar was then slowly moved along to the cooler 
portions of the furnace, and finally partially removed from the furnace so 
as to cause the temperature of one end to fall gradually from 700° C. to 



Plate I. 

about 400° C., while the temperature of the other end remained about as 
before. The bar was held in this condition for 8 hr. and then suddenly 
quenched in cold water. One side was ground down, poUshed, and etched 
with ferric chloride. 

As was expected, the complete transition from the high- to the low- 
temperature modifications could be observed. These are reproduced in 
Figs. 1 to 6. Fig. 1 shows the high-temperature modifications, which 
may be called a and jS. At a position corresponding to a somewhat 
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Fig. 5. Fig. 6. — Cool end. 

Figs. 1-6. — Alloy 75 cu, 15 sn, 10 zn. Etched with perbic chloride. X 800. 
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lower temperature, a well defined reaction rim is formed between a and jS. 
At a still lower temperature this reaction rim has grown somewhat, while 
smaller crystals of the new phase have formed at the central parts of the 
original constituent. While this new phase has the appearance of being 
a reaction rim, it must be conceded that proof that it is such is yet lack- 



Fig. 9. — Etched with ferric Fig. 10. — Etched with cupric 

CHLORIDE. X 100. CHLORIDE. X 800. 

Figs. 9-10. — Alloy 79 cu, 21 sn. Quenched from between the upper and 

LOWER CRITICAL POINTS. 

ing. At a position still further toward the cold end, we find additional 
complication in the succession of phases. The reaction rim has en- 
croached still further upon the original jS constituent but, in turn, has 
given way to a fourth phase which, like the third, is light gray in color, 
the a being yellow and the being brown, on etching with ferric chloride. 
The four phases are shown very clearly in Fig. 4. 
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In Fig. 5, which shows a field still further toward the cold end, we 
find the beginning of the formation of the eutectoid structure, with the last 
traces of the original reaction rim, or possibly, in exceptional cases, of 


Fig. 11. — Alloy 75 cu, 25 sn. Fig. 12. — Alloy 75 cu, 25 sn. 

Quenched from above the upper Quenched from between the up- 

critical POINT. Etched with Rosen- per and lower critical points, 
hain’s reagent. X 75. Etched with cupric chloride. 

X 100. 

the original Apparently, at this point, what was originally the reac- 
tion rim changes over into the eutectoid. At a point slightly nearer the 
cold end, as in Fig. 6, we find the normal structure of the slowly cooled 


Fig. 13. — Alloy 75 cu, 25 sn. Fig. 14. — Alloy 75 cu, 25 sn. 

Quenched from between the upper Etched with ferric chloride. 
AND LOWER CRITICAL POINTS. EtCHED X 800. 

WITH CUPRIC CHLORIDE. X 800. 

alloy, except that, instead of there being three generations of a, there 
are now only two, presumably the first and the second. 

It would do little or no good to attempt to analyze the structural 
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changes from the point of view of the phase rule, inasmuch as we are 
quite evidently not dealing with stable equilibria. As an explanation 
of the two well defined heat effects exhibited by this alloy, these photo- 
graphs also offer little that is enlightening. Thus it seems apparent 
that the tin-rich constituent of the eutectoid may make its appearance 
prior to the actual formation of the eutectoid, which certainly is not in 
accordance with our ideas of eutectoid formation. 

Two pure copper-tin alloys, one containing a considerable proportion 
of excess a and the other only a slight amount, were quenched in water 
from above the upper critical point and from between the upper and 
lower critical points respectively. The results obtained are shown in 
Figs. 7 to 13. Figs. 7 and 8 show the customary a and phases. Figs. 
9 and 10, except for the larger amount of a, show the same structure, 
^.c., a + Fig. 10 shows the effect of etching with cupric chloride, 
which reverses the action of ferric chloride and attacks the a instead of 
the A similar structure is obtained by preliminary heating to above 
the upper critical point prior to holding tile temperature constant be- 
tween the critical points. 

In the course of this work, a fair idea of the conditions which lead to 
the formation of the second and third generations of a. has been obtained. 
These two generations, both found in eutectoid structures, were described 
in the paper already referred to, the alloy being a ternary alloy of copper, 
tin and zinc. The same occurrence in the binary copper-tin alloys is 
shown in Fig. 14. 

DISCUSSION 

Paul D. Merica,* Washington, D. C. (written discussionf). 
Investigation that has for its purpose the determination of the con- 
stitution of the alloys of copper with tin and with zinc is not only of 
much scientific interest, but will serve a very practical purpose as well. 
The constituents, with which the anomalous heat effects discovered by 
the author are undoubtedly associated, are to be found in commercial 
brasses and bronzes, and can exert a profound effect upon their mechanical 
properties, although present in relatively small proportion. 

Thus in a recent article^ it was shown that a sample of commercial 
naval brass rod, which normally consists of a and ^ grains, developed 
envelopes of the so-called 8 constituents around the p grains upon heating 
to SSO"" to 430° C. The effect of this new constituent upon the tensile 
properties of the rod was most striking; the elongation in 2 in. was re- 
duced from about 35 per cent, to from 21 to 26 per cent. 

* Metallurgist, U. S. Bureau of Standards. 

t Received Oct. 8, 1918. 

* P. D. Merica and L. W. Schad: Thermal Expansion of Alpha and of Beta Brass. 
JouTnalj American Institute of Metals (1917) 11 , 396. 
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It is therefore apparent that in wrought brasses of similar com- 
position, containing tin, there is the very unpleasant possibility of 
developing this 5 constituent by annealing, and thus spoiling the material. 
It becomes, thus, a matter of the utmost importance to determine the 
temperature limits of the appearance and disappearance of this con- 
stituent, and indeed to clear up the whole vexing question of its identity 
and relation to the constitution of the ternary alloy system. 

A most significant feature of this 8 constituent is its development, 
possibly as a peritectoid at the edge of the grains, forming a brittle 
envelope around them. It is undoubtedly a constituent to be avoided if 
possible, although I have tested wrought brass containing it in granular 
form, which was of most excellent mechanical properties. 

I should like to ask the author whether he is aware of the existence of 
this constituent in commercial casting bronzes, such as the well known 
88-10-2 bronze, and of its effect upon the mechanical properties of 
such bronze. 

I am most interested iif this line of. work and shall hope that the 
author will not overlook the practical application of it. 

C. H. Bierbaum,* Buffalo, N. Y. — I agree with Dr. Merica that the 
eutectoid has a distinct effect upon the alloy and also that, as yet, 
it is difficult to say at just what point this eutectoid occurs or the con- 
ditions under which it appears; that is, the percentages of copper, tin, 
zinc, lead, and the other elements together with the temperature of 
pouring and the rate of cooling that is necessary; all seem to have a 
contributing effect. Some authorities, Law for instance, gives it as 9 
per cent, of tin, yet under certain conditions I have found it with a lower 
percentage of tin to copper contents than that. The hard delta and the 
soft alpha crystals are both necessary for a bearing alloy; the one supple- 
ments the other. 

I am not inclined to think that phosphorus has any effect upon the 
eutectoid forming. The phosphide, PCus, forms in and around the 
delta but is and remains distinct and separated from it. Etching with 
ferric chloride and then with nitric acid shows this very distinctly; 
it darkens the eutectoid and the other parts and leaves the phosphide 
bright. The rate of cooling determines the size of the crystals and the 
eutectoid together with their distribution and orientation. It is possible 
to chill the alloy to such an extent where no eutectoid appears. I think 
it has been positively demonstrated that only an alpha and a beta ‘appear 
when this copper-tin alloy has been poured between two polished ingots 
of copper and taking the exact point, as far as it would flow, almost a 
knife-edge, this very point after etching showed only an alpha and a 
beta as far as it showed anything; we found no sign of a delta. If the 


* Lumen Bearing Co. 



DISCUSSION 


205 


very edge or point of this alloy, cooled in this manner, is etched with 
either ferric chloride or with ammonia the surfaces show an entirely dif- 
ferent structure. In the one case the high copper is obtained and in the 
other the high tin formation; in the one case there is a distinct crystalline 
formation, and in the other an almost amorphous condition. It becomes 
simply a question which reagent has been used for the etching. 

The subject of bearings is ordinarily taken up from one point of view, 
that is, in considering the alloy only. The alloy used for a bearing should 
always be considered in conjunction with the corresponding bearing 
member, its composition and its hardness. If the steel journal is hard 
enough to receive the eutectoid crystal of the bronze, the bearing will 
be improved by it. On the other hand, if the steel is not hard enough 
the bearing will not be improved by the presence of the eutectoid. 

S. L. Hoyt (author’s reply to discussion *).^ — The example cited, by 
Dr. Merica, of the importance, to the technical man, of the present in- 
vestigation is extremely interesting and may lead others to pursue 
the work even further than the writer has been able to. As to the occur- 
rence of the so-called d constituent in the bronze mentioned. Dr. Brin- 
ton and the writer have shown that the addition of zinc increases 
the magnitude of the upper heat effect so that, undoubtedly, 6 would be 
found in greater quantities in the ternary alloys than in the pure copper- 
tin alloys. Presumably its tendency to form the undesirable envelopes 
would likewise increase. A heat treatment to overcome the formation 
of 5 as envelopes, which might well be tried in technical practice, 
would be to quench from above the upper critical point and reheat to 
some lower temperature to produce the desired physical properties. 


Received Nov. 22, 1918. 
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Introduction 

It has been the experience of the writer, during some five years’ work 
with electrolytic zinc, that the zinc cell is perhaps more sensitive to 
impurities in the electrolyte than the analytical methods as yet developed 
for the chemical identification and determination of these impurities; 
but that, when proper purification methods have been applied to a given 
solution, the behavior of the cell is quite independent of the original sources 
from which the zinc sulfate has been derived. 

It has also appeared that the behavior of the zinc cell is the best 
and surest check on the correctness and thoroughness of the purification 
methods used, because it indicates the presence of both current impurities 
and cumulative impurities derived from the leaching of the ore; it also in- 
dicates whether these impurities are current or cumulative, at* least in 
so far as they are of serious importance commercially. 
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It is the writer^s opinion that, aside from the gradual reduction in 
the costs of producing power, it is the realization of the necessity for 
thorough purification of zinc solutions that has made electrolytic zinc 
commercially possible. Practically every detail of present zinc-plant 
practice has been applied to electrolytic zinc work during the latter 
half of the last century, and it is probable that mere lack of thoroughness 
in the manner of the application explains the comparative failure to 
obtain commercial results. It is also the writer^s opinion that failure 
to realize the importance of thorough purification will be the primary 
cause of failure of zinc plants in the future. 

In spite of a great deal of effort expended upon synthetic solutions, 
no inorganic addition agent has been found which improves the power 
characteristic of the zinc cell, nor any organic addition agent which 
improves a commercially pure solution except to a minor degree in that 
its use may result in slightly smoother deposits. 

In view of this it appears important to learn definitely the character- 
istics of the zinc cell operating with commercially pure solutions; it 
also appears proper to make use of these cell characteristics as indi- 
cating the purity of a given solution. 

The art of electrolytic zinc is still in the stage where the list of personal 
prejudices or guesses is considerably longer than the list of definitely 
established facts. For the reason that the graphic method of presenting 
observations exposes the extent to which personal prejudices have been 
permitted to swing the final conclusions from the observed facts, this 
method will be used so far as appears practicable. 


Source of Materials Tested 

That the sources of the various solutions under discussion are widely 
diversified is indicated by the analyses of the ores and other products 
tested (Table 1). Gold and silver were present in them all. 

Power Characteristics in Zinc Sulfate Electrolysis 
Current Efficiency 

It has always appeared that there are but two major reactions which 
take place in the zinc sulfate cell using peroxidized lead anodes: 

1. Deposition of zinc at the cathode at a rate which depends entirely 
upon the current density and varies according to Faraday’s constant. 

2. Corrosion of the deposited zinc by the cell solution, at a rate which 
is independent of the deposition rate, but which does depend entirely 
upon the chemical activity of the solution and upon the zinc surface 
exposed. 



208 


ELECTROLYTIC ZINC 


Table L — Analyses of OreSf Etc., under Discussion 



BuUy 
Hill Ore 

California 

Flue-dust 

Australian 

Concen- 

trate 

Tasmanian 

Concen- 

trate 

Tasmanian 
Ore A 

Tasmanian 
Ore B 

Utah 

Concen- 

trate 

Zn 

29.00 

26 05 

48.80 

51.60 

31.00 

31.75 

43.73 

Fe 

15.05 

6.22 

8.55 

5.14 

13.50 

10.10 

6.10 

Cu 

2.18 

1.10 

0.33 

0.31 

0.60 

0.37 

1.38 

Cd 

0.30 

0.97 

0.05 

0.12 

0.07 

0.09 

0.31 

Pb 

Trace 

8.63 

6.12 

4.70 

9.90 

10.85 

3.83 

Sn 

Trace 







S 

31.10 

7.70 

27.30 

30.00 

34.40 

26.40 

30.40 

Si02 

6.30 

6.42 

1.75 

6.24 

6.70 

10.00 

6.70 

AI2O3 

8.26 

3.48 

0 56 


2.00 

2.20 

5.22 

BaSO. 

2.92 







CaO 

2 31 

1.44 

0.50 


1.20 

0 40 

4.95 

MgO 

2.86 

0.36 

0.06 


0.20 

0.60 

MnO 

0.60 

0.04 

1.03 

0.60 

0.40 

0.80 

2.50 

As 

0.00 

7.35 

0.04 

0 08 

0 37 

1 

0.15 

0.52 

Sb 

0.00 

1.13 

0 08 

0.03 

0.09 

0.12 

0.16 

Bi 


0.65 






Te 


1.06 






Se 


0.23 






Na 


0.26 






K 


0.34 

i 





Cl 


0 06 






Co 



Trace 

0.00 

0.00 

0.00 

1 0.00 

Va 







Trace 










So far as concerns pure solutions, the nature of the zinc exposed is 
immaterial, being always considered a standard quantity. As the de- 
posits become less smooth with increasing weight, they naturally do expose 
a greater actual surface to corrosion, and we should expect current effi- 
ciency to drop off with increasing length of deposition. 

The corrosion rate is mainly determined by the acid concentration 
of the electrolyte. Fig. 1 shows the solution rate of pure zinc cathodes 
suspended in active cells, but insulated from the live busbars. It was 
assumed that the rate of solution in acid might be affected by the nascent 
oxygen given off at the anodes, and we were interested in the corrosion 
rate in solutions saturated with this oxygen rather than in what might 
take place in acid alone. 
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With a given acid concentration, it is also to be expected that the 
corrosion rate will increase with increasing temperature. This increase 
is, however, not so marked as to obtrude itself in the data at hand. It 
is probable that, like the corrosion of copper in acid sulfate solutions, 
and in acid ferric sulfate solutions (as shown by Addicks), the corrosion 
rate is about doubled with each 20° C. rise in temperature. If the above 
assumptions are correct, they should be reflected in the results obtained 
with different current densities. The effect of impurities in solution will 
be discussed later. 

Table 2 summarizes typical results with solutions made from several 
different raw materials listed in Table 1, after suitable purification meth- 
ods had been evolved for them. During all of the work detailed, five or 
more cells were operated in solution cascade and in electrical series, thus 
giving a set of interrelated data by each experiment. This interrelation 



0 20 40 60 80 100 120 

Grams Acid per Liter 

Fig. 1. — Corrosion of smooth cathodes, suspended in active cells, but 
INSULATED FROM BUS BARS. BuLLY HiLL, March, 1915. (C. A, Hansm.) 

has proved to be a most excellent check on the individual cell results. 
In all cases, the indicated acid concentrations were maintained reasonably 
constant throughout the test period, being controlled by titration at 
3-hr. intervals with appropriate changes in the rate of solution feed. All 
meters were kept in calibration by frequent comparison with standards, 
and, in most cases, indicating, curve-drawing, and integrating ammeters 
were all used as checks upon one another. 

The following units are employed throughout this paper: current 
density, amperes per square foot of cathode surface immersed; acid con- 
centration, grams per liter; temperature, degrees Centigrade; weight 
of deposit, pounds per square foot of cathode immersed. 
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Table 2. — Current Efficiencies in Zinc Electrolysis 


A . — Bully Hill Ores. May, 1915 (Hansen). (1000-amp. cells.) Av. temp., 28°. 
Current density, 10. Plotted in Fig. 2. 


Acid 8.8 

Acid 16.7 

Acid 24 . 6 

Acid 39.9 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

I Wt. 

C. Eff. 

1.83 

99 8 

1.80 

98 9 

1.78 

98.6 

1.78 

98.3 

3.11 

99 3 

3.11 

98.2 

3.08 

97.4 

3 06 

96.0 

4.45 

98 8. 

4.39 

97.3 

4.33 

96 2 

4 22 ! 

94.3 

5.50 

97.3 

5.45 

95.8 

5.38 

93.7 

5.27 

1 

91.2 


B . — Bully Hill Ores. May, 1915 (Hansen). (1000-amp. cells.) Av. temp., 30°. 
Current density, 10. Plotted in Fig. 2. 


Acid 23 4 

Acid 44.9 

Acid 65.5 

Acid 83.7 

Acid 99.3 

Wt. 

C. Eff. 

Wt. 

C. Eff 

Wt. 

C. Eff. 

Wt 

C. Eff. 

Wt. 

C. Eff. 

1.89 

97 3 

1 89 

97.3 

1.83 

96.4 

1.78 

95 7 

1.67 

92.9 

3.67 

97.6 

3.66 

95.5 

3.59 

95.0 

3 39 

89.7 

3 22 

86.7 

4.95 

97.8 

4.83 

95.3 

4.72 

93.4 

4.39 

87.2 

4.00 

80.0 

6.17 

96.7 

5.83 

94.0 

1 5.72 

j 90.6 

5.00 

79.2 

4.55 

73.5 

7.44 

94.2 

6.72 

90.0 

; 6.27 

84.2 

5.22 
1 

75.5 

4 95 

71.2 


C . — Bully Hill Ores. June, 1915 (Hansen). (1000-amp. cells.) Av. temp., 30°. 
Current density, 15. Plotted in Fig. 3. 


Acid 17.6 

Acid 34.6 

Acid 50.5 

Acid 68.0 

Acid 84.0 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

2.85 

99 5 

2.83 

98 5 

2.78 

98.1 

2.72 

96.2 

2.64 

94 5 

4.89 

99 0 

4 62 

96.3 

4 60 

95 7 

4.45' 

93.0 



6.32 

97.0 

6 22 

1 

93.2 

6.00 

91.0 

5.72 

86 5 




D . — Bully Hill Ores. October, 1915 (H. R. Hanley). (1000-amp. cells.) Temp. 
28°. Current density, 25. Plotted in Fig. 4. 


Acid 35.0 

Acid 75.0 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

0.41 

99 6 



1.52 

98.4 

1.67 

96.0 

2.86 

96.9 

4.45 

92 6 

4.61 

96 6 

6.77 

90.5 

5.00 

96.3 

7.27 

88.9 
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Table 2. — Continued. 


E . — California Smelter Flue-dust. November, 1915 (H. R. Hanley). (1000-amp. 
cells.) Temp., 30-40°. Current density, 25. Plotted in Fig. 4. 


Acid 35 

Acid 71 

Acid 102 

Acid 126 (Zn «= 12) 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

2.37 

99.1 

2.22 

97 6 

1.75 

86.8 * 

2.25 

86*3 

4 51 

96.4 

4.40 

97.7 

3.52 

87.8 

2.93 

76.6 

6.70 

97.0 

5.70 

94 2 

4.87 

84.0 

1.67 

82.6 

1.53 

97.3 

1 95 

96.4 

2 46 

90.4 

3.36 

75.9 

3 55 

97 5 

4.22 

96.6 

4.32 

86 9 



5 82 

96 5 

6 20 

93 4 

5.42 

79 0 

1 69 

78 1 







3 38 

75 8 


F . — Utah Concentrates. May, 1917 (Hansen). (200-amp. cells ) Temp., 30-40°. 
Current density, 25. Plotted in Fig. 5. 


Acid 42 

Acid 74 

Acid 104 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

4 07 

97 8 

3 86 

92 6 

3.62 

87.7 


G . — Tasmanian Concentrates. August, 1917 (Hansen).- (20-amp. cells.) Temp. 
25-30°. Current density, 25. Plotted in Fig. 5. 


Acid 

Concentration 

wt. ' 

C. Eff. 

1 Acid 

j Concentration 

wt. 1 

C. Eff. 

Acid 

Concentration 

wt. 

C. Eff. 

19.3 

2.25 

94 6 

89.0 

3.19 

93.5 

98 9 

2.73 

93.2 

36.1 

2.30 

96 6 : 

91 8 

3.15 

92 4 

104 0 

2.73 

93.5 

54.2 

2.31 

97.1 i 

91.9 

3.13 

91.8 

105.5 

2 73 

93.3 

72.9 

2 30 

96.6 ! 

91.7 

3.12 

91 3 

120 3 

2.61 

88 9 

93.8 

2 25 

94.6 

105 0 

3.02 

88.9 

i 

I 136 8* 

2.01 

68.7 


*Zn = 8. 


' H.— Tasmanian Ore '‘A.” September, 1917 (Hansen). (20-amp. cells.) Temp., 
25-30°. Current density, 25. Plotted in Fig. 5. 


Acid 89.0 

Acid 94.5 

Acid 96.0 

Acid 120 8 

Acid 138.6 
(Zn = 12) 

wt 

C. Eff. 

Wt. 

1 C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

3 40 

94.3 

1 

1 

3.27 

90.5 

3.28 

91.0 

3.03 

83 9 

2.02 

55 7 
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Table 2. — Continued 


/. — Tasmanian Ore September, 1917 (Hansen). (20-amp. cells.) Temp., 

30°. Current density, 25. Plotted in Fig. 4. 


Acid 93.6 

Acid 90.8 

Acid 91.6 

Acid 94.7 

Wt. 

C. Eflf. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

1 

Wt. 

C. Eff. 

1.59 

90.0 

3.19 

89.4 

4.86 i 

88.5 

6.43 

86.9 

1.59 

91.0* 

3.19 

89.6* 

4.86 

89.0* 

6.43 1 

88.1* 


* Same data computed to 90 acidity (previous curves). 


J. — California Flue-Dust. November, 1915 (H. R. Hanley). (1000-amp. cells.) 
Temp., 37°. Current density, 37.5. Plotted in Fig. 6. 



K . — Utah Concentrates. November, 1917 (C. H. Ricker). (25>amp. cells.) 
Temp., 25-30°. Current density, 35. Acidity, 90. Wt., 3.1 in all cases. C. Eff., 
93.2; 93.0; 94.3; 95.0; 90.3. 


L . — California Flue-dust. November, 1915, to March, 1916 (H. R. Hanley). 
(1000-amp. cells.) Temp., 40-45°. Current density, 50. Plotted in Fig. 6. 


Acid 96 

Acid 94.4 

Acid 123 

Acid 123 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

Wt. 

C. Eff. 

3.90 

94 8 

4.1 

94.0 

1.7 

85.5 

2.2 

85.0 

4.50 

94 5 

4.2 

95.0 

3.8 

83.0 

2.2 

86.0 

4.60 

93 8 

4.3 

94.5 

3.9 

94 5 

2 4 

84.8 

5.05 

91 5 

4.3 

95.5 

4.0 

86.7 

2.4 

83.2 



1 * 4.4 

96.0 I 



2.8 

82.0 



4.5 

94.8 

1 



3.2 

86.5 


The data in Table 2 are plotted in Figs. 2 to 6 inclusive, the points in 
a given series being linked together for identification. 

Figs. 7 and 8 represent the transposition to “Acid concentration^^ 
as the variable, the final curves representing current eflSciencies at 
definite unit weights of deposit. In these plots, the points indicated are 
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obtained from the smoothed curves preceding. The particular unit 
weights used — 3 to 5 lb. deposit per square foot of immersed cathode 
surface — ^fairly cover the range of present commercial practice. 



01234 5678 

Lb. Deposit, per Sq. Ft, 

Fig 2. 



Lh. Depo^ pfiac Sq. Ft* 

Fig. 3. — Bully Hill ores, June, 1915. {Hansen,) Current density, 15 amp 

PEE SQ. FT. 

Figs. 9 and 10, in turn, serve to collect all of the preceding data on 
single curve sheets. 
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Corrosion Rates 

According to the initial assumptions, the difference between the 100 
per cent, current efficiency of deposition and the determined current 
efficiency is a measure of the corrosion rate. Corrosion rates, calculated 
from the data plotted in Figs. 9 and 10, are hsted in Table 3. These 
are expressed in equivalent amperes per square foot for the sake of 
convenience. 



So far as these corrosion rates increase with the current density, they 
are in agreement with the observed facts that higher current densities 
do yield rougher deposits, particularly in the lower acid ranges. There 
does not, however, appear to be so marked a difference in the roughness 
of deposits made in high-acid electrolytes; in fact, all deposits made at 
above 100 gm. per liter acidity are reasonably smooth at all current 
densities (up to 100 amp. per sq. ft.) within the writer^s experience. 




Current Efficiency. Per Cent Current Efficiency, Per Cent 


2 



0 20 40 60 80 100 120 140 

Acid, Gm> per Liter 

Fig. 9. 



651 ^ 1 1 ^ ^ 

0 20 40 60 80 100 120 

Acid, Gm. per Liter 

Fig. 10. 
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Table 3 . — Corrosion Rates in Equivalent Amperes per Square Foot 


Wt of Dep. 

Sail 

Current 

Density 

Acid Concentration, Grams per Liter 

20 

40 

j 60 

80 

j 100 

120 

140 

3 

1 

10 

0.12 

0.25 

0,43 

0.67 

1.22 

2.70 


3 

15 

1 







3 

25 

0 17 

0.50 

1 0.82 

1 34 1 

2 35 

4.50 

8 75 

3 i 

35 

0.28 

0 56 

0 81 

1.89 

2.69 

4.72 

8.05 

3 

50 

0.30 

0 55 

0 90 

1.50 

2 75 

5.10 

8 15 

5 

10 

0 30 

0 57 

0.90 

1.52 1 

3.00 



5 

15 

0 36 

0.66 

1.04 

1 69 

3 25 



5 

25 

0 50 

0 80 

1 20 

2 05 

4.05 

7 90 


5 

35 

0 46 

0 77 

1 30 

2 14 

4 10 

7 50 


5 

50 

0 45 

1 00 

1 25 

2 10 

4 00 

7 90 


* 1 

0 

0 50 

0 70 

1 00 

1 45 

1 

2.30 1 

1 

3.60 i 

i 


* Smooth deposits thick) in cell solutions at zero current — from Fig. 1. 


To make the observed corrosion rates agree with the initial assumptions 
would require that the 5-lb. deposit (at 120 gm. per liter acid) shall 
expose a surface equal to some two to three times its superficial area. 
It is highly improbable that it does so. 

Zinc-sulfate electrolyte, however, gains in acid in proportion as it 
loses in zinc. Obviously, then, when the zinc becomes suflSciently low, 
the zinc concentration will have a greater effect upon the current ef- 
ficiency than the acid concentration. It is further probable that the 
lack of zinc will be felt in proportion to the current density, employed. 

In what has preceded, the writer attempted to avoid zinc concentra- 
tion as a factor in current efficiency by keeping to solutions containing 
a reasonable amount of zinc — 20 gm. per liter or more — with the excep- 
tion of two lower values specifically noted. Data regarding work with 
very low zinc concentrations were reserved for Table 4. 

The comparison figures, extrapolated from Fig. 9, scarcely develop 
the desired or expected differences. It now appears more likely, con- 
sidering that all of the higher-acid solutions had about the same initial 
zinc content (100 to 110 gm. per liter), that the data in Table 4 are only 
a natural extrapolation of the previously developed curve, and that the 
lack of zinc has at least a fairly important effect upon the current ef- 
ficiency — an effect which becomes increasingly important towards the 
right (high-acid) side of the current efficiency diagrams. The major 
variable (note the corrosion rates at zero current density, and their 
agreement with the corrosion rates calculated from the current efficiency 
data, Table 3) is certainly acid concentration, and the final results are in 
very fair agreement with those that we should expect from the initial 
assumptions made. 
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Voltage Required by the Zinc Cell 

The voltage data, presented in Table 5 and plotted in Fig. 11, were 
obtained in a specially constructed cell in which: 

1. The lead electrodes were well peroxidized. 

2. The electrodes were definitely parallel, and definitely spaced 2 in. 

apart anodes, cathodes. Immersed cathode surface 

= 16 sq. ft.). 

3. The electrolyte cross-section was the same in area as the immersed 
faces of the electrodes. 



4. A lead steam coil served for temperature control, and an air lift 
for the circulation of solution to insure uniform temperature. 

These precautions were taken in order to avoid the errors to which 
small cells are liable, most of which lead to underestimation of the 
required voltage. The figures given include contact and other losses. 
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Table 4. — Electrolysis of Low-zinc Solutions 
Bully Hill Ores. November, 1915 (H. R. Btenley). (500-amp. cells.) Five suc- 
cessive strippings averaged. 


Acid, grams per liter 

144.00 

148.00 

157.00 

166.00 

Zinc, grams per liter 

12.00 

10.00 

7 50 

4.80 

Temperature, °C 

29.00 

28.00 

28.00 

28.00 

Current density 

25.00 

25.00 

25.00 

25.00 

Pounds deposit per square foot . . 

1.49 

1.21 

1.02 

0.54 

Current efficiency, per cent 

Comparative current efficiency 

72.30 

68.80 

64 50 

34.70 

extrapolated from Fig. 9 

' 61.00 

57.00 

47.00 

36.00 


Table 5. — Voltage at Different Temperatures 


Bully Hill Ores. June, 1915 (Hansen). Peroxidized lead anodes. Electrode 

spacing, 2 in. 


Temp. "C. 

Current Density 

Acid, Grams 
per Liter 

0 

10 

20 

30 

40 

50 

100 

40 

0 

2.68 

3.48 

4 25 

5.02 

5 75 

6.50 

10 25 

40 

20 

2.68 

3 26 

3.80 

4.33 

4.87 

5.40 

8.07 

40 

40 

2.69 

3.16 

3.58 

3.98 

4 38 

4.78 

6.78 

40 

60 

2.69 

3.08 

3.42 

3.72 

4.02 1 

4.33 

5 86 

40 

80 

2.70 

3.02 

3.28 

3.51 

i 3.74 

3.97 

5.12 

40 

100 

2.70 

2.96 

3.15 

3.33 

3.51 

3.72 

4.69 

50 

0 

2.64 

3.34 

4.00 

4.67 

5.32 

6.00 

9.38 

50 

20 

2.65 

3.13 

3.67 

4.15 

4.61 

5.07 

7.37 

50 

40 

2.65 

3.07 

3.48 

3.82 

4.20 

4.58 

6.48 

50 

60 

2.65 

2 97 

3.32 

3.62 

3.91 

4.20 

5.90 

50 

80 

2.66 

2.92 

3 17 

3.43 

3.65 

3.87 

4.97 

50 

100 

2.66 1 

2.89 

3.08 

3.27 

3.50 

3.62 

4.50 

60 

0 

2.56 j 

3.24 

3.80 

4.40 

4.97 j 

5.55 , 

8.42 

60 

20 

2.58 I 

3.08 

3.55 

3.95 

4.40 

4.83 

7.00 

60 

40 

2.58 

2.98 

3.38 

3.72 

4.06 

4.40 

6.10 

60 

60 

2.60 

2 92 

3.25 

3.53 i 

3.79 

4.05 

5.22 

60 

80 

2.62 

2.89 

3.12 

3.37 

3.57 

3.77 

4.77 

60 

100 

2.62 

2.85 

3.03 

3.22 

3.39 

3.55 

4.37 

70 

0 

2.52 

3.10 

3.65 j 

4.17 

4.64 

5.20 

7.77 

70 

20 

2.54 

3.00 

3.44 

3.83 

4.09 

4.55 

6.62 

70 

40 

2.56 

2.95 

3.30 

3.62 

3.88 

4.26 

5.85 

70 

60 

2.57 

2.91 

2.19 

3.45 

3.71 

3.97 

5.27 

70 

80 

2.59 

2.87 

3.07 

3.31 

3.50 

3.70 

4.77 

70 

100 

2.60 

2.81 

3.00 

3.17 

3.32 

3.49 

4.32 
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Power Requirements of the Zinc Cell 

Fig. 12 represents a summary of products of voltage and current 
efficiencies. Power is stated in terms of kilowatt-hours (direct current) 
required to deposit 2000 lb. of cathode zinc. 

On melting the cathodes, the yield of ingot zinc averages 94 to 95 
per cent, of the cathode weights charged. 



Fig. 12. 


For converting alternating current (high-voltage) to direct current, 
the efficiencies of modern converting equipment may be taken at 92 
per cent, for transformers and rotary converters, and 87 per cent, for 
transformers and motor-generators. 

The direct-current data should, therefore, be multiplied by 1.145, 
or by 1.210, depending upon the choice of conversion apparatus, to 
compute the alternating-current requirements of the cell-room, per ton 
of ingot spelter, for the electrolysis of commercially pure zinc-sulfate 
solutions. 

For the present, these data are offered without comment as to their 
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economic bearing. It may, however, be stated here that the only heat 
used in the leaching plant is that due to the solution of zinc oxide in the 
regenerated acid. High-acid concentrations bring about high leaching- 
tank temperatures; high leaching-tank temperatures conduce to ex- 
cellent coagulation of the colloidal solids, and in that way make filtra- 
tion possible. The amount of solution to be handled through the leach 
plant is also inversely proportional to the acid concentration of the 
leaching solution, and the zinc losses in the leach plant are practically 
proportional to the amount of solution handled. 

It may also be stated that the cost of the cell-room is almost inversely 
proportional to the current density used, and that under any practicable 
conditions the cost of the cell-room and current-conversion equipment 
is a very reasonable fraction of the cost of the whole zinc plant. 

Later, after publication of papers dealing with roasting, leaching, 
etc., when the various factors which enter into the economics of the art 
as a whole have been discussed, the bearing of the power data can be 
considered to better advantage than at present. 

Impurities in Zinc Electrolyte 

The impurities that have been encountered in the course of our zinc 
investigation, not pretending that the list is complete, may be grouped 
into two fairly logical divisions: 

1. Non-cumulative impurities; i.c., such as are removed by the com- 
moner purification methods in ordinary use, but likely to be present in 
the purified solution in proportion to the lack of thoroughness in 
purification. 

2. Cumulative impurities; i.e.y such as pass clear through the entire 
plant in more or less undiminished concentration, and definitely accumu- 
late in the closed solution circuit. 

A great number of impurities known to be present in the raw materials, 
ores, concentrates, and reagents, have failed to materialize in the leach 
solution. These are dropped out of consideration entirely in this discus- 
sion, and we shall confine ourselves to the impurities which have been 
isolated from the solutions after they have left the leaching tanks. 

The first group includes the following: copper, cadmium, arsenic, 
antimony, iron, manganese, silica, alumina. 

The second group may be subdivided into strictly cumulative impuri- 
ties which have no important bearing upon the problems of the zinc plant 
as a whole; and impurities which are injurious but are removable by 
specially devised purification processes. 

The first sub-group includes the alkali metals and magnesium. 

The second sub-group includes: nickel, cobalt, vanadium, possibly 
uranium. 
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N on-cumulative Impurities 

All of the impurities listed in this group are widely distributed., 
Bully Hill ores were apparently entirely free from both arsenic and anti- 
mony, and it is probable that the Missouri zinc ores are likewise free of 
these impurities. With the exception of Bully Hill ores, arsenic and 
antimony have been present in all of the materials with which we have 
worked. 

Iron, silica, and alumina are present in solution leaving the leaching 
tanks only so far as the solutions have not been properly oxidized and 
the colloids coagulated. 

Manganese passes through the ordinary purification processes used 
in the leaching plant, but is thrown out in the cells as the insoluble dioxide. 

Copper and cadmium are quantitatively precipitated upon metallic 
zinc. Arsenic and antimony are also precipitated on metallic zinc, but 
not so completely as to render the solutions practicable for use in the 
cell-room. 

Chemical methods for the detection of these impurities are rather 
more sensitive than is the zinc cell to their presence in solution; hence it 
is not essential to rely upon the cell behavior to indicate their presence. 

Copper and cadmium are precipitated electrolytically together with 
zinc, and when a cascade of cells is operated with solutions containing 
them, the* current efficiencies obtained from the successive cells in the 
cascade are no longer consistent with the current-efficiency data as- 
certained with the use of pure solutions. 

For example, the current efficiencies, based on 24-hr. deposits at 25- 
amp. current density, observed with a feed solution containing approxi- 
mately 0.002 gm. Cu per liter, were as follows: 


Cell 

Acid, Jjrvms feu Liter 

C. Eff. 

1 

19 3 

94.6 

2 

36 1 

96 6 

3 

54.2 

97 1 

4 

72 9 

96 6 

5 

93.8 

94.6 


Copper was present in cells 1 and 2, but absent in cells 3, 4, and 5, 
having been deposited in the first two cells. Whether the precipitated 
copper alters the corrosion rate of the deposited zinc, or whether the 
copper in solution alters the activity of the solution, is still not clear. 
The characteristic of the above series, however, is. thoroughly typical of 
such solutions. 

Cadmium is probably less prejudicial to the behavior of the zinc cell 
than copper. This would follow from the relative positions of the two 
impurities in the electrochemical potential series. It is also indicated 
by the fact that some excellent deposits have been made which carried 
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as much as 0.33 per cent. Cd, while no satisfactory deposit of zinc has 
exceeded 0.03 per cent. Cu. The quantitative effects of these two 
impurities upon current efficiency, etc., are, however, of the same general 
order. 

Copper and cadmium additions to solutions known to be otherwise 
satisfactory show the following current efficiencies (24-hr. deposits; 25- 
amp. c. d.; temp. 22-26° C.): 


Acid, 30 gm. per liter. 
Acid, 60 gm. per liter. 
Acid, 90 gm. per liter. 


Ctj or Cd 

Milligrams Per Liter 

0 

6 

10 

99 

93 

90 

96 

87 

81 

93 

76 

65 


Arsenic and antimony are apparently not precipitated electrolytically 
with zinc; at any rate, if they are present in solution the current effi- 
ciencies of the whole series of cells are materially reduced, and the impuri- 
ties are still found in the effluent electrolyte. 

It has often appeared that both arsenic and antimony are less pre- 
judicial when manganese is absent than when it is present. In fact, in 
solutions containing manganese, it has consistently appeared that a vari- 
ation between 0.001 gm. per liter and 0.0003 gm. per liter of Sb made 
the difference between impossible and excellent cell-room operation. It 
is obvious that the possible inter-reactions, when two or more impurities 
are considered, are almost infinite. Certainly, the data now at hand 
have scarcely opened this field for investigation. If it is really true that 
the manganese-antimony combination is particularly bad, it may very 
well be due to some cyclic reduction of antimony at the cathode and its 
oxidation by means of permanganic acid at the anode. 

The highest current efficiencies obtained from solutions containing 
arsenic or antimony were observed in manganese-free solutions; the 
following table of current efficiencies indicates the effects of these impuri- 
ties in manganese-free solutions (synthetic solutions; 24-hr. deposits; 25- 
amp. c. d. ; temp. 22-26° C.) : 


Acid, Grams 
per Liter 

Arsenic, Milligrams per Liter 

Antimony, Milligrams per Liter 

0 

' 5 

10 

0 

5 

10 

30 

99 

94 

90 

99 

91 

84 

60 

96 

83 

77 

1 96 

80 

65 

90 

93 

66 

50 

1 93 

! 

63 

35 


Some years ago, we attempted to purchase pure zinc sulfate for com- 
parison standards. The best of the ^‘cp^^ salts, when made up to 100 
gm. zinc per liter with pure water, contained 40 to 50 mg. per liter of 
arsenic, about the same of antimony, and several times this amount of 
cadmium. Experiments with similar solutions, the chemical purity of 
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the salts being assumed from the label, may perhaps explain the obvious 
discrepancies in the literature regarding the electrolysis of zinc sulfate 
solutions. The purchased salts do give satisfactory results when they 
are purified by current methods of the zinc plant. 

Iron. The behavior of iron in solution is less consistent, as shown 
by the following table of current efficiencies observed with a solution 
containing: Mn, 0.50; Sb, 0.0016; Zn, 72.0 gm. per liter (current density, 
25 amp.; 24-hr. deposits): 


Fe, Grams Per Liter 

Acidity 

C. Efp. 

Theoretical C. Epp. 

0.10 

65 

69 

96 

0.55 

76 

68 

95 

1.00 

76 

40 

95 


It is evident that iron in the electrolyte serves no good purpose. It 
was thought that ferric sulfate might conceivably act as depolarizing 
agent, absorbing the hydrogen which adheres to the cathode, and that it 
would be re-oxidized at the anode. This beneficent reaction apparently 
takes place, but zinc is dissolved as well as hydrogen. Cathodes made in 
solutions containing 1.0 gm. per liter Fe did not contain appreciably 
more iron than cathodes made in solutions carrying the normal 0.02 
gm. per liter Fe, 

Manganese, apparently, is the only element in the first group of im- 
purities which, by itself at least, exerts no harmful influence. When 
manganese-bearing solutions are electrolyzed, the manganese sulfate is 
in part oxidized to permanganic acid at the anode. This permanganic 
acid probably reacts with manganese sulfate to throw out manganese 
dioxide. The reaction between permanganates and manganese sulfate 
is quantitative, and instantaneous, in hot, neutral (or basic), solutions. 
It is a comparatively slow reaction in cold, acid, solutions. We should 
therefore expect higher concentrations of permanganic acid when strongly 
acid electrolytes are in equilibrium with active cells. 

On the other hand, this presumes that manganese dioxide is actually 
formed at some appreciable distance from the anodes, i.e., by interaction 
of two reagents dissolved in the solution. If this is the case, there is no 
a priori reason why the manganese dioxide slime should always contain 
about the same percentage of lead peroxide. It appears, however, that 
the cell slime always does carry about the same ratio of manganese to 
lead, and that the loss of lead at the anode is more nearly proportional to 
the amount of manganese dioxide precipitated than it is to the amount of 
zinc deposited, or to the acidity of the solution. 

The behavior of manganese dioxide at the anode in low-acid elec- 
trolytes also indicates that the dioxide is formed at the anode surface, 
since, when the acid is kept below 60 to 70 gm. per Uter, the dioxide ad- 
heres to the anode and forms dense scales which appreciably add to the 

VOL. LX. 15. 
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electrical resistance of the cell. (It may raise the required voltage by 
0.5 per cell.) With higher acidity, manganese dioxide does not adhere 
to the anodes at all, but falls to the bottom of the cell as a very finely 
divided slime. 

The following results are typical of the behavior of manganese (25- 
amp. current density; temp. 30-35° C.). (Hansen.) 

A . — Five cells in cascade; solution fed to cell No. 1 only. Analyses represent the 
condition of the solution in equilibrium with its active cell. All assays in gm. per liter. 


Total Mn HMnOi Acid 

Feed solution 0.475 0.0000 0.0 

Cell No. 1 0.332 0.000 18 7 

Cell No. 2 0.243 0.0113 35.8 

Cell No. 3 0.147 0.0280 55.3 

Cell No. 4 0.090 0.0302 76.2 

Cell No. 5 0.075 0.0310 95.2 

Cell sump 0.075 0.0310 95.2 

B. — Same cell arrangement; solution fed in equal amounts to cells 1, 2, and 3, and 
no direct feed of neutral solution to cells 4 and 5. 

Total Mn HMn04 Acid 

Feed solution 0 . 737 0 000 0 . 00 

CellNo. 1 0.197 0.027 88.9 

Cell No. 2 91.7 

CellNo. 3 0.170 0.034 93.7 

Cell No. 4 120.8 

Cell No. 5 0 080 0.030 139.3 

Cell sump 0.080 0.030 139.3 

C. — Same cell arrangement; solution fed in equal amounts to each of the first four 
cells. 

Total Mn HMnOz Acid 

Feed solution 1 , 250 0 . 000 0 . 0 

CellNo. 1 0 265 0 054 93.4 

Cell No. 2 0 162 0.0544 92 8 

CellNo. 3 0.147 0.0544 93.6 

CellNo. 4 0 133 0.0544 92.6 

CellNo. 5 0.063 ‘0.0544 104.0 

Cell sump 0.063 0.0544 104.0 


The manganese dioxide slime combined from the above tests assayed : 
Mn02, 68.0; Pb, 13.7; Zn, 1.2 per cent. The anode loss amounted to 
about 6.9 lb. lead per ton of cathodes made. 

The slime assay is fairly typical. The lowest lead content found in 
the dioxide slime was about 8 per cent. ; this was derived from solutions 
containing 0.04 gm. per liter Mn, and the average lead loss at the anodes 
approximated 1 lb. per ton of cathodes made. 

Cumulative Impurities 

The impurities listed in the first sub-group are not at all important 
ordinarily. Magnesium is more likely to come from the lime used as 



C. A. HANSEN 


227 


coagulent for the leach solution, than from the zinc ores. At Bully 
Hill, magnesium accumulated until it reached about 12 gm. per liter 
without having any appreciable effect upon the cell behavior. Soda and 
potash have been found to the extent of 4 gm. per liter in solutions that 
had been circulated rigidly for long periods. 

In the second sub-group are found the insidious impurities, the only 
ones of which we know at present. In general, the cells are more sensi- 
tive to them than the chemical methods as yet evolved for their estima- 
tion or detection. 

As the solutions are circulated rigidly through leach plant, cell-room, 
and leach plant again, these impurities definitely accumulate, and their 
ill effects mount up as indicated in the following table of current effi- 
ciencies. The five cells were cascaded, and only No. 1 cell was fed with 
neutral solution. Successive strippings are recorded. 

Jub^— August, 1916. (Hansen). 24-hr. deposits; 25-amp. per square foot; temp. 
33-40° C. 


Acidity, Grams per Liter 

14 

26 

37 

48 

58 

C. eff. No. 1, Stripping , . . 

93 8 

89.2 

90.2 

i 

89 7 

69.4 

C. eff. No. 2, Stripping . . . 

1 90.5 

81.6 

77.8 

56.0 

35.9 

C. eff. No. 3, Stripping . . . 

85.8 

69 4 

76.8 


42.7 

C. eff. No. 4, Stripping 

83.5 


39.3 

27 9 

29.3 

Pure Sols. c. eff. (Fig. 9). 

99.2 

98.8 

98.2 

97.5 

96.7 


Cobalt , — It developed that in the above work^bout 4 mg. per liter 
of cobalt was added at each leaching cycle (0.002 per cent. Co based on 
the calcine leached). The behavior of cobalt is characteristic of the 
behavior of all the members of the group. 

Synthetic manganese-free solutions electrolyzed at 25 amp. c.d. to 
yield 24-hr. deposits at 25° C., indicate the following quantitative effects 
of cobalt on current efficiency: 


Co, Milligrams per Liter 

0 

5 

10 

15 

20 

Acid 30 gm. per liter 

99 

96 

93 

91 

87 

Acid 60 gm. per liter 

96 

90 

85 

77 

64 

Acid 90 gm. per liter 

93 

80 

70 

55 

30 


Cobalt has been found in Australian concentrates, and in the Coeur 
d'Alene zinc ores. It is reported in the ground waters of the Missouri 
zinc field, and in the ground waters of the Bawdwin (Burmah) mines. It 
is possible that its distribution is rather widespread. 

Vanadium has been found to give similar troubles, having been 
encountered in Leadville zinc ores. It has been detected spectroscopically 
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in Utah ores, but for this work sufficiently accurate methods have not 
been developed to detect vanadium by chemical methods, although it is 
probably often present to an extent sufficient to make very serious 
trouble. 

Impurities in General 

Pure solutions invariably yield excellent deposits, which are wholly 
without blemish on the reverse, or starting-sheet, side. 

Impure solutions invariably yield imperfect cathodes. Pinholes, 
much more readily seen on the starting-sheet side of the cathode, are 
almost always found when the merest traces (tenths of milligrams per 
liter of electrolyte) of arsenic, antimony, nickel, cobalt, or vanadium are 
present. Curiously, if any considerable quantity of any of these impuri- 
ties is present, the holes in the cathode are enlarged at the starting-sheet 
side of the deposit, giving the appearance of having started with local 
corrosion at the starting-sheet surface and then corrosion working its 
way toward the surface directly exposed to the action of the solution. 

When serious quantities of impurity are present, deposition may 
proceed in excellent shape for several hours; the deposit may then corrode 
Very rapidly until it entirely disappears in the course of a few hours; 
when it has entirely dissolved, perhaps exposing the clean starting sheet 
only in patches, deposition may resume in good shape. This cycle of 
alternate deposition and dissolution may be repeated more or less auto- 
matically as long as one chooses. 

The nature of the reactions causing corrosion is still undetermined. 
Corrosion may result from deposition of an impure zinc from an impure 
solution, the impurities in the zinc itseK altering the cathode^s resistance 
to corrosion. That an impure zinc does corrode much more rapidly than 
a pure zinc is evidenced by the following observations on three samples of 
zinc which were suspended side by side in each of several cascaded active 
cells. 

|Loss, Grams Per Square Foot Per 24 Hr. 



A 

B 

C 

Acid, 108 gm. per liter 

2.7 

135.5 

271.0 

Acid, 84 gm. per liter 

1.35 

37.0 

129.5 

Acid, 63 gm. per hter 

1.35 

6.2 

49.3 

Acid, 41 gm. per hter 

0.0 


44.3 

Acid, 21 gm. per hter 


6.7 

22.0 

Assays, per cent. : 

Cu 

0.005 

0.002 

0.005 

Cd 

0.030 

0.080 

0.020 

Fe 

0.005 

0.0385 

0.030 

Pb 

0.040 

0.1367 

0.060 

Sample A, unmelted cathode zinc, good deposit. 




Sample B, M. & H. rolled sheet zinc. 

Sample C, good cathode deposits melted in iron pots, and sheets sawed from 
the resulting slabs. 
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The above data, at any rate, indicate that the purity of the zinc can 
make differences of 100 : 1 in corrosion rates. 

On the other hand, since zinc is electropositive to all of the impurities 
with which we have been concerned, if one collected the last remains 
of a rapidly corroding deposit, one should expect to find the impurities 
concentrated in that fraction. Yet, even when only a black scummy 
residue is all that is left of the deposit, that scum is invariably lead and 
copper. The causative impurities are not detectable, or only barely 
detectable, in the residue. 

Temperature and Stability of Zinc Cell 

When dealing with the effects of temperature within the zinc cell, the 
matter necessarily is highly speculative since few data bearing specific- 
ally upon this point are as yet available. In the case of pure solutions, 
and the writer firmly believes that working with any other than pure 
solutions is out of question commercially, the effects of cell temperature 
are apparently not important. 

The whole discussion rests on the observation that the zinc cell 
appears to be essentially stable with pure solutions, and unstable with 
impure solutions. It appears that low current efficiencies produce high 
cell temperatures; that the high cell temperatures induce increased 
corrosion (and still lower current efficiencies), and so on. 

Since the quantitative relationship between corrosion and tempera- 
ture appears not to have been studied, the major variable in this proposed 
discussion is an unknown quantity. Chemical reactions may, however, 
be grouped in fairly well defined families, the characteristics of which 
appear to vary in the same general order when one of the conditions is 
altered. For example, the student chemist is taught that reaction rates 
between dissolved substances usually double with each rise of 10° C. in 
temperature. 

Addicks reports the behavior of copper in acid copper sulfate and 
in acid ferric sulfate-copper sulfate electrolyte. In this connection 
Addicks also assumes that current efficiency is determined by corrosion 
rates, and gives the following data on the corrosion of copper as a function 
of temperature. 


In Add Copper Sulfate 


Units Corrosion 

op 

0.5 

87 

1.0 

100 

2.0 

117 

4.0 

142 

8.0 

168 
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In acid copper sulfate, the reaction rate doubles (on the average) 
with each 20.5° P. rise in temperature (11.4° C.). 


In Acid Ferric Sulfate-Copper Sulfate 


1 Per Cent. Fe 

2 Per Cent. Fe 

3 Per Cent. Fe 

Cor. 

Temp., ®F. 

Cor. 

Temp., “F. 

Cor. ^ 

Temp., °F. 

0.0200 

78 

0.040 

78 

0.062 

78 

0.0370 

123 

0.070 

123 

0.110 

123 

0.0800 

j 

167 

0.160 

167 

0.270 

167 


In acid ferric sulfate-copper sulfate, the reaction rate doubles (on 
the average) with each 40° F. rise in temperature (22° C.). 

Unfortunately, these two sets of data (which were assumed to cover 
similar reactions having the same temperature coefficient) do not check 
very satisfactorily. If we take the greater temperature interval, how- 
ever, and apply it to the corrosion of zinc, the choice works against the 
following argument in that its conclusions become less spectacular and, 
therefore, perhaps safer. 

Accordingly, by assuming that the corrosion rate of cathode zinc 
doubles with each 22° C. rise in the temperature of the cell solution, and 
referring all corrosion rates to the corrosion rate at 40° C. as unity, the 
temperature-corrosion relationship becomes: 


Temp., “C. 

Corrosion Rate ^ 

Temp., ®C. 

Corrosion Rate 

25 

0 58 

55 

1.61 

30 

0.70 

60 

1.88 

35 

0.82 

70 

2 60 

40 

1 . 00 arbitrary unit 

80 

3.56 

45 

1.17 

90 

4.80 

50 

1.37 




Addicks^ publishes a curve showing the relation between the energy 
dissipated as heat within the copper refining cell and the temperature 
maintained when the cell is in equiUbrium with these losses. For prac- 
tical purposes, the copper cell is identical with the zinc cell in its facilities 
for dissipating its heat energy. (The zinc cell will dissipate slightly more 
heat at a given temperature than the copper cell because the anode 
oxygen liberated in the zinc cell increases evaporation somewhat.) 


^Lawrence Addicks: Current Density in Copper Refining. Metallurgical and 
Chemical Engineering (Mar. 15, 1917), 16 , 311. 
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Addicks’ cell offered 312 sq. ft. of active cathode surface, and would 
therefore take: 


Current Density 


10 

25 

50 

100 


Amperes Per Cell 

3,120 

7,800 

15,600 

31,200 


The energy losses bore the following relation to cell temperature: 


Kilowatt Loss 

Per Cell 

Cell Temp. (°C.) 

Kilowatt Loss 

Per Cell 

Cell Temp. (“C.) 

1.70 

30 

8.00 

55 

2 55 

35 , 

10.00 

/ Extra- 

3.60 

4.85 

40 ’ 

45 

15.00 

22.00 

go { polated 

6.30 

50 

30.00 

90 


In the copper cell, no chemical changes occur which absorb energy, 
and all of the electrical energy supplied must be dissipated as heat. 

In the zinc cell, the zero current potential is 2.68 volts per cell (Helm- 
holtz equation gives the value 2.31 calculated from the heats of reaction 
involved) and this potential of 2.68 corresponds to the absorption of 
2000 kw.-hr. per ton as necessary for the deposition of 2000 lb. of cathode 
zinc at 100 per cent, efficiency. The difference between the above 2000 
kw.-hr. and such power as is actually consumed in the ceU is then a meas- 
ure of the energy which the cell must dissipate as heat, hy evaporation 
(Antisell states that 90 per cent, of the cell energy is accounted for by 
evaporation of electrolyte in the copper refinery), by radiation, by con- 
vection, etc. 2 

It is obvious that equilibrium cell temperature corresponds to that 
temperature at which the energy losses within the cell exactly equal the 
capacity of the cell for dissipating that energy. If the energy losses 
within the cell increase, with rising temperature, more rapidly than the 
capacity of the cell for dissipating that energy, the cell is essentially 
unstable. 

For the purpose in hand, we shall analyze only a very few cell condi- 
tions. We shall assume an acid concentration of 90 gm. per liter, pure 
solutions, and a few different current densities, for the purpose of in- 
dicating the effect of current density upon cell temperatures, adopting a 
cell of the size and capacity of Addicks' copper cell. 


2 With reference to the heating of solutions within the cell: — A 10,000-amp. cell 
ordinarily requires about 3.5 liters of solution per minute. Each degree (C.) rise in 
solution temperature accounts for 0.2441 av. Ordinarily the temperature rise is not 
sufficient to make it an important item in the cell heat balance sheet, 
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A. — C.d., 10 amp. per square foot; acid, 90 gm. per liter; pure solutions; deposits, 
3 lb. per square foot; current per cell, 3120 amp. Neutral solution feed. Temp, 
solution feed, 30° C. 


Temp., ®C. 

30 

40 

50 

Volts per cell 

3.10 

2.99 

2.90 

Kilowatts per cell 

9.67 

9.33 

9.05 

Corrosion rate 

0.70 

1.00 

1.37 

Current efficiency, per cent. . . 

93.7 

91.0 

87.6 

Zinc made, pounds per hour . . 

7.85 

7.62 

7.32 

Solution required, 1. per hr . . . 

59 6 

57.9 

55.7 

Kw. acct’d for by zinc 

7 85 

7.62 

7.32 

Kw. acct’d for heating solution 

0 00 

0.67 

1.29 

Kw. cell losses (difference) . . . 

1.82 

1 04 

0.44 

Cell can dissipate, kilowatts . . 

1.70 

. 3.60 

6.30 

Equilibrium temperature 

= 31 0° C. 



B. — C.d., 25 amp. per square foot; acid, 90 gm. per liter; pure solutions; deposits, 
3 lb. per square foot; neutral solution feed at 30° C.; current per cell, 7800 amp. 


Temp., ®C. 

40 

50 

55 

60 

Volts per cell 

3.32 

3.23 

3.20 

3.17 

Kilowatts per cell 

25.9 

25.2 

24.9 

24.7 

Corrosion rate 

1.00 

1.37 

1 61 

1.88 

Current efficiency, per cent 

93.0 

90.4 

88.7 

86.8 

Zinc made, pounds per hour 

18.7 

18 2 

17.8 

17.4 

Solution required, 1. per hr 

148.00 

144.00 

141.00 

138.00 

Kw. acct’d for by zinc 

18 7 

18.2 

17 8 

17.4 

Kw. acct’d for heating solution . . . 

1.7 

3.3 

4.1 

4.8 

Kw. cell losses (difference) 

5.5 

3 7 

3 0 

2.5 

Kw. cell can dissipate 

3.6 

6.3 

8 0 

10 0 


Equilibrium temperature = 44.2° C. 


C. — C.d., 50 amp. per square foot; acid, 90 gm. per liter; pure solutions; deposits, 
3 lb. per square foot; current per cell, 15,600 amp. neutral solution feed at 30° C. 


Temp., °C. 

40 

60 

70 

80 

Volts per cell 

3.85 

3.65 

3.55 


Kilowatts per cell 

60.0 

57.0 

55.4 

(53.8) 

Corrosion rate 

1.00 

1.88 

2.60 

3.56 

Current efficiency per cent 

96.0 

92.5 

89.6 

85.8 

Zinc made, pounds per hour 

39.9 

38.5 

37.3 

35.7 

Solution required, 1. per hr ...... . 

305.00 295 00 

285 00 

273.00 

Kw. acct’d for by zinc 

39.9 

38.5 

37.3 

35.7 

Kw. acct’d for heating solution . . . 

3.5 

10.3 

13.2 

15.9 

Kw. cell losses (difference) 

16.6 

8.3 

4.9 

2 3 

Cell can dissipate, kilowatts 

3.60 

10.0 

15.0 

22.0 

Equilibrium 

temperature 

d 

o 

00 

WO 

11 
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— C.d., 100 amp. per square foot; acid, 90 gm. per liter; pure solutions; neutral 
solution feed at 30°C.; deposits, 3 lb. per square foot; current per cell, 31,200 amp. 


Temp., “C 

40 

70 

90 

Volts per cell 

4.90 

4.55 


Kilowatts per cell 

153.0 

142.0 

(135) 

Corrosion rate 

1.00 

2.60 

Current efficiency per cent. 

97.7 

94.0 


Zinc made, pounds per hour 

81.7 

78.6 


Solution required, 1. per hr. 

605 

582 


Kw. acct^d for by zinc 

81 7 

78.6 

(75.0) 

Kw. acct’d for heating so- 
lution 

7 0 

27 0 

(38.6) 

Kw. cell losses (difference) . 

64 3 

36 4 

(21.4) 

Cell can dissipate, kilowatts 

3 6 

15.0 

(30.0) 


Equilibrium temp, at approximately 85°C. 


In any of the above cases it appears that the zinc cell is essentially 
stable, that is, the capacity of the cell for dissipating heat rises very 
rapidly with increasing temperature while the internal cell losses decrease 
with rise in temperature within the ranges involved: 

Suppose, however, that the inital corrosion rate is already high. 
Is it not then possible that the internal energy losses of the cell mount more 
rapidly with temperature than the capacity of the cell for ridding itself 
of heat? 

For the purpose of this argument, we can assume that we have a 
solution so impure that we can get a current efficiency of only 70 per cent., 
at 25-amp. c.d., with 90 gm. per liter acidity and at 30° C., instead of over 
96 per cent., as we should from pure solutions. Such a solution is by no 
means an absurdity when the leach plant fails to operate properly, or 
an odd lot of purchased ore is thrown into the plant without investigation 
of its antecedents. It has been shown that a very few milligrams of any. 
one of several impurities — arsenic, antimony, cobalt, vanadium, etc. — 
will cause greater reductions in current efficiency than that assumed. 

Amperes per cell, 7800 (C.d. 25 amp per sq. ft.) 


Temp., °C. 

30 

50 

70 

Volts per cell 

(3.40) 

3.25 

3.13 

Kilowatts per cell 

26.5 

25.2 

24.4 

Corrosion rate 

0.70 

1.37 

2.60 

Current efficiency, per cent. 

70.0 

41.3 

(-10) 

Zinc made, pounds per hour 

14.6 

8 8 

0.0 

Solution required, 1. per hr. 

115.00 

69.00 

0 00 

Kw. acct’d for by zinc 

Kw. acct’d for heating solu- 

14.6 

8 8 

0.0 

tion 

0 0 

1 6 

0.0 

Kw. cell losses (difference) . . 

11.9 

14 8 

24.4 

Kw. cell can dissipate 

1.7 

6.3 

15.0 


Equilibrium temperature, 84® C. The equilibrium condition is also one at which 
no zinc is deposited at the cathode. 
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The conclusion drawn from this temperature argument is thoroughly 
in keeping with the observed behavior of zinc cells operating with impure 
electrolyte. 

Practical Expedients for Control of the Zinc Cell 

When a condition arises in the commercial cell-room which leads to 
the results above described, there are two ways of compromising with it, 
neither of which is very satisfactory. Perhaps the better one is to flush 
out the bad electrolyte as rapidly as possible. This requires very liberal 
design of the leaching plant in order that it shall not be flooded by the 
return of large volumes of solution which it must re-treat. 

The second method is to cut down the cell current, while maintaining 
the feed. This serves two purposes, in that the acid concentration falls 
off and so reduces the corrosion rate; and, the total energy supplied to the 
cell being less, the heat which the cell must dissipate falls off correspond- 
ingly. This lowers the cell temperatures, and the corrosion rate is fur- 
ther decreased. Also, as the current is diminished — while it may readily 
result in an increased production of spelter for the given conditions — 
still the output of spelter for the plant becomes outrageously low. 

There is a third method which can be used — and frequently is — to 
some advantage. Glue, lanolin, and perhaps a number of other organic 
reagents, when added under such conditions, do materially increase the 
current efficiency. The effect appears to be only temporary, however, 
even when the added reagent is fed to the electrolyte in each cell inde- 
pendently and constantly. 

The effect of these addition agents has been studied to a considerable 
extent, and their use is unquestionably of some benefit. It is, however, 
so firmly the writer^s opinion that the addition of such reagents is but a 
poor makeshift corrective for unpardonably lax leaching, that the dis- 
cussion of their effects is deliberately avoided in order that the primary 
conclusions of this paper shall not be obscured. 

The conclusions of this paper are based upon normal market condi- 
tions. At the present time, certain reagents, notably the permanganates, 
of which the zinc plant is desperately in need for its purification processes, 
are not commercially available. In these circumstances, probably every 
one connected with electrolytic zinc work is forced to compromise as 
best he can. In so far as he realizes that he is compromising with ab- 
normal economic conditions, and that he is not merely making shift to 
cover up conditions that can be otherwise corrected, he has the writer^s 
entire support and heartfelt sympathy. 
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Appendix* 

Since the above paper was written, tests have been conducted with a 
view to securing a sounder basis for discussing the effects of temperature 
on the behavior of the zinc cell. The following data, while making no 
pretense to great accuracy, are still reasonably close. 

Cells were operated with the same feed solutions, but at varying 
temperatures, the latter being controlled by means of immersed steam 
coils. Current efficiencies obtained indicate that the corrosion rate 
doubles with each rise of 21.7° C. in electrolyte temperature. No great 
error is therefore introduced in the original paper as a result of the 
temperature coefficient there assumed. 

Strangely enough, parallel tests conducted by merely suspending 
cathode sheets in solutions maintained at different temperatures (the 
sheets not functioning as cathodes at all) indicated no definite tem- 
perature coefficient of corrosion. It appeared in these latter tests that 
adhering hydrogen interfered with the free access of the acid solutions 
to the zinc surfaces. 

Tests were also conducted with an electrically heated evaporating 
pan (immersed heaters) in which some 2 sq. ft. of electrolyte surface 
was freely exposed to the cell-room atmosphere. The data obtained, 
corrected so as to cover merely losses of energy from the actual solution 
surface, indicate surface losses as follows (room temperature 20 to 25° C.) : 


SoiUTioN Temp., 
Deg. C. 

30 

35 

40 

45 


Watts Loss 

PER SQ. FT. 

25 

45 

70 

115 


Sdlution Temp., 
Deg C. 

50 

60 

70 

80 


Watts Loss 
per sq. ft. 

155 

270 

400 

540 


These data are very closely checked by an independent set of tests 
conducted on commercial cells. 

In the temperature range 40 to 45° C., evaporation of solution from 
electrolyte surface accounted for 87 per cent, of the energy dissipated at 
the surface, this figure being in excellent agreement with the 90 per cent, 
figure quoted from Mr. Antisell. 


♦ Received Oct. 4, 1918. 
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I think it probable that the energy lost from the cell solution surfaces 
is mainly accounted for by evaporation at all temperatures, since 
the relation between vapor pressure of the electrolyte and the energy 
losses determined is too simple to be mere coincidence. 

DISCUSSION 

J. L. McK. Yardley,* Pittsburgh, Pa. (written discussionf). — It 
is interesting to observe how closely Mr. Hansen agrees with other in- 
vestigators to the effect that the art of electrolytic zinc has left the realm 
of mystery. In his introduction, he has said practically what Thomas 
French said in his paper “The Future of Electrolytic Zinc. 

The successful electrolysis of zinc from sulfate solutions has not been an easy 
matter, and it is only within recent years that the difficult problem of depositing 
high-grade zinc has been satisfactorily accomplished on a commercial basis. The 
principal requisite is that the electrolyte shall be quite free from certain impurities 
The methods by which freedom from these impurities is assured are now very well 
understood, and with experienced superintendents there is little difficulty in obtaining 
a high efficiency in that part of the process. 

When certain underlying principles are recognized, the difficulty encountered in 
dealing with the filtration of the acid and slimy solutions also largely disappears, 
although it has been a very serious one to the uninitiated. In the dissolving of the 
zinc from the roasted ore, there is nothing which any competent chemical engineer 
cannot undertake, and any other operations connected with the electrolytic process 
are either of little or no difficulty, or are common to the retort process. 

Mr. Hansen also agrees with R. G. HalFs statement in “Some Eco- 
nomic Factors in the Production of Electrolytic Zincf’^ 

The requirement, and I use it in the singular, for the electrolysis of zinc is zinc 
sulfate, and zinc sulfate only. Most other elements found in the solution are 
harmful to the electrolysis of zinc sulfate. I have never found any that I could 
confidently say were beneficial. This requirement seems relatively simple, but when 
it is understood that this process is to be applied to such a complex of ore minerals as is 
indicated above in the review of ore deposits, it will be understood that the production 
of zinc sulfate, pure, of the standard strength, is not the easiest problem in the world. 
And yet it is only this problem that has stood in the way, for all time past, of the 
manufacture of zinc electrolytically. All of the factors necessary to the production 
of a solid coherent plate of electrolytic zinc were known long ago, but it is only recently 
that we have been able to produce this pure zinc sulfate on a commercial basis and in 
large quantities, and have been able to obtain the electric current at such a cost as 
to make the production of electrolytic zinc a commercial possibility. 

While it is doubtful that these gentlemen would agree concerning 
the most desirable meth9ds for carrjdng out all the various parts of the 
process, it is noteworthy that they agree concerning the essentials in-‘ 

* General Engineer, Westinghouse Electric and Manufacturing Co. 

t Received Aug. 10, 1918. 

^ Transactions, American Electrochemical Society (1917) 32, 321. 

2 Trans. (1918) 67, 709. 
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volved. Perhaps their differences regarding details would not be so 
much of fact as of experience. The important point is that there are at 
least three plants in the United States at which electrolytic zinc is being 
produced commercially from ores of widely different origin and composi- 
tion, by processes the developments of which have been practically 
contemporaneous and independent. 

Roasting Problem 

Both Mr. Hall and Mr. French have given us rather more than a 
hint as to what the problem in roasting has been. The particular factor 
that interfered with the highest recovery when the roasted ferruginous 
ore was leached with sulfuric acid was the formation, in the roaster, 
of a complex compound of zinc and iron which is insoluble. It devel- 
oped that the production of this material was largely due to roasting 
at too high a temperature. Mr. Hall mentioned that, In roasting Colo- 
rado ores for the production of spelter, the writer has found as much 
as one-third of the total zinc in such ore to be insoluble in a relatively 
strong solution of sulfuric or hydrochloric acid. Mr. French stated:® 

With proper adjustment of the roasting furnace conditions, it is not difficult to 
obtain extractions of 90 per cent, of zinc from ores containing 12 to 25 per cent, zinc, 
and in the latter case with as much as 25 per cent, of iron. As far as the author s 
experience goes, furnaces of the Wedge and Herreshoff type are admirably adapted 
to the roasting of thi^ class of ore. A large Wedge furnace, with seven hearths and a 
diameter of 22 ft. (6.8 m.) is capable of roasting about 134 tons of this ore per 
hour, with unskilled labor, and gives a more satisfactory product than the smaller 
hand-rabbled furnaces. After roasting zinc concentrates containing 45 per cent, of 
zinc, there is little difficulty in extracting as much as 95 to 97 per cent, of the zinc. 

There is every indication, therefore, that exceedingly high recoveries 
should be obtained from Montana ores which contain around 22 per cent, 
of iron and are readily concentrated to exceed 50 per cent, of zinc. The 
general impression seems to be that the proper roasting temperature 
for subsequent leaching with sulfuric acid is around 600® C. I have 
understood for nearly a year now that this is the approximate tempera- 
ture employed in the Wedge roaster at the Park City, Utah, smelter, 
working on oil flotation concentrates of around 40 per cent. zinc. 

E. H. Hamilton, in a paper^ on ‘'Electrolytic Zinc Extraction at Trail, 
B. C.,” stated the temperature of the Wedge roaster to be approximately 
600° C. The ore had approximately the following composition: 

Peb Cent. 

Lead 14 

Iron 21 to 31 

Insoluble 4 

Alumina 3 

Lime 2 


Per Cent. 

Magnesia 2 

Sulfur 24 to 29 

Zinc 19 to 24 

Cadmium 0.04 


3 Op. cit.f 322. 

^Transactions^ American Electrochemical Society (1917) 82 , 217. 
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The ore is crushed in tube-mills to the following size: 

Mesh. Per Cent. 


On 

48 

3 

On 

48-100 

10 

On 

100-150 

3 

On 

150-200 . . 

. . 12 

Through 200 

. . . . 72 



100 


and is then roasted in Wedge roasters having seven floors and diameter of 
26 ft. (8 m.) with two arms to the floor and revolving once in 4 min. 
Forty tons are roasted per day from 25 per cent, down to 5 per cent, 
sulfur. The temperature of the hearths is approximately: 


1st floor 


2d floor 

. . 950° F. (510° C.) 

3d floor 

. . 1000° F. (538° C.) 

4th floor 

. 1100° F. (593° C.) 

5th floor ... 

. 1100° F. (593° C.) 

6th floor 

. . 1050° F. (566° C.) 

7th floor 



Since the problem of roasting for subsequent leaching with sulfuric 
acid is the same everywhere, that is to eliminate sulfides and convert 
the zinc into an oxide or sulfate, it follows that the practice must be 
substantially the same everywhere, the time of the’' operation varying 
only with the fineness of the ore and the sulfur contents. 

Leaching and Purification Prohlem 

On the other hand, this problem differs with each locality. On 
visiting the successful electrolytic zinc plants of the country, one finds 
no lack of understanding of the impurities that occur, of the reagents 
which must be employed, or of the reactions that take place. While 
in some cases, past failures in leaching for electrolytic zinc were probably 
due to lack of consideration for things which were known, the difficulties 
encountered have been usually the more or less inevitable result of the 
large scale on which it has been attempted to operate. They have 
been attributable mainly to poor arrangement of the plant and to failure 
of some of the mechanical apparatus to operate continuously, particularly 
that connected with the filtration of the solution and the removal of 
the coagulated or precipitated impurities. It has been found absolutely 
essential to have a well designed plant, in which the apparatus is arranged 
in sequence according to the sequence of operations; in which lead pipe, 
and not iron or other substitute, is used where lead should be used ; in 
which excessive pumping is avoided; in which reliable mechanical ap- 
paratus is employed and no one piece is so situated that it can become 
the solitary neck of the bottle, the temporary clogging of which might 
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cause the solution to foul and so disrupt the operation of the entire plant 
as to require days for its resumption. 

Power Requirements of the Zinc C.ell 

These requirements also are well understood, though they were not two 
or three years ago when most of the existing electrolytic zinc plants were 
planne d . It was not appreciated that electrolytic zinc precipitation would 
become substantially a constant-voltage, constant-current process. Every 
operating superintendent has worked out series of power charts similar to 
Fig. 12 of Mr. Hansen^s paper. The working part of this chart is that 
between 5 and 9 per cent, acid, and approximately 20 and 35 amp. per 
sq. ft. General practice has adopted 25 amp. per sq. ft., or slightly 
less, as the most economical current density. Working within these 
usual limits, a change of 15 per cent, in applied voltage with constant 
acidity will approximately double or halve the current density, whereas 
a change of 1 per cent, in the acidity of the solution, at constant voltage, 
will produce about a 15 per cent, change in the current density. 

The problems of roasting, leaching, and purification having been 
largely solved, and a pure solution having arrived at the tank room, 
it is evident what ready means exist to determine what current density 
and rate of precipitation are most economical, power and other operating 
costs, interest on investment, and the price of zinc, all being taken into 
consideration. 

As Mr. Hansen’s Fig. 12 shows, there is no appreciable difference 
in the cathode production of the cell, per kilowattrhour, at 25 amp. 
current density, between 6 and 8 per cent, acidity, and at 35 amp. 
the difference is not considerably greater. This change in acidity, 
however, which may be effected simply by altering the rate of flow of the 
incoming solution by means of the valves, will change the current 
density approximately 30 per cent. Of course, the actual acidity, which 
may be employed over long periods of time, is determined by other fac- 
tors related to the leaching and filtration; but it is evident that ^^acid" 
controP^ can be a most effective means of current control for the brief 
periods when necessary changes are being effected in the tank room, or 
some external condition alters abnormally the voltage available at the 
tank room. According to general experience, there is no occasion, 95 
per cent, of the time, for anything but constant voltage in the tank room; 
and, for the remaining time, a means of varying the voltage 5 per cent, 
either way is all that is necessary. 

Design and Selection of Electrical Equipment 

It is becoming apparent that all the conditions were not known or 
fully analyzed by the electrical equipment manufacturers who applied 
their machinery in the earlier electrolytic zinc plants. In these times of 
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hi gh costs, thorough analyses should be made to determine exactly the 
requirements that the tank room must demand of the electrical equip- 
ment, analyses unbiased by what has been done before. In this con- 
nection, the writer frankly acknowledges that in his paper® “The Sub- 
station Problem of the Electro-chemical Plant,” that part of the discussion 
dealing with the voltage range of electrolytic zinc plants was unduly 
influenced, unconsciously, by the known characteristics of the electrical 
equipment already installed in such service. I feel that there is opportu- 
nity for greater resourcefulness than has been evidenced in the past. Since 
the electrolytic zinc process is substantially a constant-voltage, constant- 
current process, like the aluminum reduction process, and, like it, a process 
which should operate 365 days out of the year, I am confident that plans 
will be made to employ the type of electrical equipment which has the 
lowest first cost and the highest efficiency over the longest operating 
period. Continuous efficiency will not be sacrificed and initial cost 
unduly increased simply to take care of occasional abnormal conditions 
which resourcefulness can meet in other ways. 

I expect to see the elimination of the motor-generator set from con- 
sideration for such service, on account of its low operating efficiency and 
ViigVi first cost. I expect to see a larger number of simple, shunt-wound, 
rotary converters employed, the most efficient machine obtainable, 
such as are largely used in the aluminum reduction industry; and, where 
a amnll voltage variation is needed, this will be obtained simply by re- 
actance in the alternating-current supply circuit and variations of the 
shunt-field strength. This “reactance and shunt-field control ” method of 
obtaining small voltage variations has not been used largely in America, 
except in the aluminum reduction industry, and in some of the older 
street railway systems; but it has been used extensively elsewhere, 
especially in Great Britain and her colonies. 

For electrolytic service really requiring voltage variations greater 
tban 5 per cent, plus and minus, I expect to see the installation of the most 
effective type of booster rotary converter, after all the various factors 
in the tank room have been given full consideration. The reasons for con- 
fidence in the suitability of the booster rotary converter for such service 
are set forth at length in my paper to which I have just referred. 

C. A. Hansen. — Mr. Yardley seems to lay stress upon adapting 
the electrolytic plant to standard types of electrical apparatus. Person- 
ally, while I believe in keeping standard voltages, etc. , in mind in laying out 
an electrolytic plant, I think that the electrical apparatus is a decidedly 
minor item in the plant as a whole. 

A plant should be designed to do what it must do, and, in general, 
the electrical apparatus should be selected to fit in with the rest of the 

‘ TrantacHons, American Electrochemical Society (1917), 82, 99. 
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design. Ordinarily, the substation equipment for an electrolytic zinc 
or copper plant will account for about 10 per cent, of the total plant 
cost, and it does not seem fair to let considerations of standard voltages, 
etc., in any way prejudice the design of the other 90 per cent. 

Mr. Yardley^s point that no great voltage range need be required 
of the direct-current generating apparatus is well taken. When working 
with zinc sulfate, no current flows through the cells until a voltage 
greater than 2.7 per cell is applied; the average voltage of the commercial 
zinc cell operating at full load is around 3.5. Obviously then, the whole 
range from zero load to full load may be taken care of by a voltage range 
between 2.7 and 3.5, or, say, by a 250 plus or minus 32 volts. 

Such requirements can be very conveniently met with rotary con- 
verters and synchronous booster sets. With power at about $25 per 
horsepower-year, there appears to be little hope of reducing the power 
cost per ton of zinc below $14 for the electrolytic zinc plant. 

The difference of 4 per cent, in efficiency in favor of rotary converters, 
as compared with motor-generators, is quite an important item (say 
$25,000 per year for a plant averaging 100 tons zinc output per day). 
However, if a rotary converter is operated from a line of tricky voltage 
characteristics, or from a line subject to frequent lightning disturbances, 
this apparent saving is often wiped out in plant interruptions. The 
motor-generator equipment will unquestionably be less subject to these 
objectionable line disturbances. 

It should also be remembered that the synchronous booster must 
provide the required voltage variation for the converter equipment, 
and that the booster set is a motor-generator with all of its efficiency 
limitations. Maximum efficiency for the synchronous converter-booster 
set is then to be arrived at by requiring minimum voltage range. 

Perhaps a specific instance may be cited for illustrative purposes. 
One of the large electrolytic plants in the country specified a direct- 
current voltage range from 75 to 175, with a nominal load at the higher 
voltage approximating 4000 kw. To cover this requirement with a 
converter-booster set would mean a converter voltage of 125, and a 
booster range of 50. The required voltage range made motor-generator 
sets appear more favorable and they were installed. It actually devel- 
oped that until 125 volts were impressed no current fiowed through the 
cells; hence a converter supplying 150 volts, with a 25-volt booster, would 
have given more regulation than the plant required. In this particular 
instance, power costs approximately $80 per horsepower-year, and the 
power conditions are very favorable for a converter installation. Had 
the converter equipment with small voltage range been installed, the 
power saving would approximate $14,000 per year. However, the 
added power cost approximates only 0.035 c. per pound of product made, 
not an appreciable fraction of the production cost. 

VOL. LX. 16 . 
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Sidney J. Jennings, New York, N. Y. — Mr. Hansen emphasizes 
the need of a perfectly pure zinc sulfate electrolyte for a satisfactory 
operation. The owners of the Tainton process assert that they are 
commercially operating a plant in England where, by employing high 
current densities, they are able to work upon an impure electrolyte and 
obtain a satisfactory zinc. 

C. A. Hansen. — Until a year ago, I think I was fairly familiar 
with all of the work being done both in this country and abroad on 
electrolytic zinc, and I am absolutely certain that there is no question as 
to the fundamental necessity for pure electrolyte. If I remember 
correctly, the Tainton process is characterized merely by its use of high 
current densities and high acidities. The behavior of the zinc cell under 
these conditions has been covered in the paper presented. The high 
current density renders one relatively independent of corrosion rates 
provided solution temperatures can be kept low, but the high current 
density militates against low solution temperatures. 
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Electrostatic Precipitation 

BY O. H. ESCHHOLZ,* EAST PITTSBURGH, PA. 

(Colorado Meeting, September, 1918) 

The electrostatic process of fume precipitation is an excellent example 
of the successful application of scientific knowledge to an industrial 
operation. Originally proposed for the precipitation of sulfuric acid 
mists, it has been extended until at present there is practically no fume- 
carrying gas to which the method cannot be applied. Among the more 
common applications are: the recovery of non-ferrous smelter flue-dust, 
iron blast-furnace dust, cemeot dust, and potash fume. It should be 
borne in mind that the process is restricted to the precipitation of suspended 
particles, either liquid or solid, and does not separate gaseous con- 
stituents. However, by proper temperature control, mixtures of vapors 
having different temperatures of condensation to either solids or b'quids 
may be selectively precipitated. 

The process consists essentially of subjecting suspended particles, 
including those too minute to be effectively acted upon by centrifugal or 
gravitational forces, to such an electrical force that they are driven from 
the gas stream, acting as a conveyer, and deposited upon a suitable 
receiving surface. This directional impulse is obtained from the interac- 
tion of charged particles and an electrostatic field of definite intensity gradi- 
ent existing between two dissimilar electrodes, known as discharge and 
receiving electrodes. In principle, the equipment is equally simple. As 
shown diagrammatically in Fig. 1, it consists of: 

(1) A source of high-potential direct current, requiring: 

(a) Source of alternating-current energy. 

(&) Means of transforming from low voltage to high voltage. 

(c) Means of converting alternating to direct current. 

(2) Precipitation chamber having: 

(а) Transmission tubes for fume-laden gases. 

(б) Suitably designed and disposed electrodes. 

(c) Means for affecting removal of deposited solids. 

Although Hohlfeld demonstrated, in 1824, that a smoke-laden atmos- 
phere could be cleared by applying an electrostatic field, and while Sir 


Research Engineer, Westinghouse Elec. & Mfg. Co. 
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Oliver Lodge and A. 0. Walker recognized the metallurgical possibilities 
of that phenomenon in 1886, every attempt to commercialize electrical 
precipitation failed, due to the lack of a suitable supply of high-voltage 
energy. As Dr. Cottrell says. 

The first step toward practicability was of necessity a commercially feasible source 
of high-tension direct current. The obstacles to building ordinary direct-current 
generators lie chiefly in difficulties of insulation, and if this is avoided in individual 
machines by working a large number in series, the multiplication of adjustable and 
moving parts intrudes itself. On the other hand, high-potential alternating current 
technique has in late years been worked out most thoroughly and commercial appa- 
ratus up to 100,000 volts and over has been available for some years .... The 
voltage is thus transformed and then commutated at a high potential by means of a 
synchronously rotating contact maker into an intermittent direct current. This 



unidirectional current is then applied to a system of electrodes in the flues carrying 

the gases to be treated The development, therefore, may fairly be considered 

as the reduction to engineering practice, as regards equipment and construction, of the 
fundamental processes long since laid open by the pioneer work of Lodge, a feat 
vastly easier today than at the time of Lodge and Walker^s original attempts. 

• In view of the important bearing that the development of electrical 
equipment has therefore had upon the commercializing of the precipita- 
tion process, it appears desirable to discuss briefly such apparatus, as well 
as some of the electrical phenomena characteristic of treater circuits. 
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Electrical System 

Systems depending upon the use of a mechanical rectifier for the 
conversion of high-tension alternating current to direct current may be 
classified with respect to the source of power. 

A. Low-tension alternating-current generator for treater load only: 

(1) Single-phase generator supplying power to single transformer- 
rectifier-treater unit. 

(2) Single-phase generator supplying power to two or more trans- 
former-rectifier-treater sets operated in parallel on the low-tension 
side. 

(3) Multi-phase generator supplying energy to one or more trans- 
former-rectifier-treater sets from each phase. 

B. Low-tension alternating-current industrial or lighting mains 
having a relatively large capacity as compared with treater demand, and 
supplying one or more transformer-rectifier-treater sets. 

C. High-tension alternating-current main supplying energy directly 
to potential regulator-rectifier-treater sets. 

System A-1 

Of the above systems, A-1 is most widely used, the consensus of 
opinion being that this arrangement insures: (1) Continuity of opera- 
tion; (2) greatest flexibility; (3) maximum dust recovery; (4) utmost 
simplicity of control and operation. 

This system has the very apparent advantage of definitely isolating 
the circuit for each treater from the main plant circuits, as well as from 
every other treater, so that all disturbances are localized. Since each 
generator serves but one transformer-rectifier-treater set, close and effi- 
cient control of treater voltage is obtained by simply varying the generator 
excitation. The flexibility of this system is perhaps its greatest asset, 
enabling the operator to meet the many exigencies arising from varying 
gas characteristics and to maintain a high rate of fume recovery 


System B 

System B has been applied to a relatively few installations in which 
the power requirement is large. Its chief merit lies in its low first cost. 
The equipment consists of a transformer-rectifier set (driven by synchro- 
nous motor) for each treater, with a series resistance in the primary circuit 
for securing control of treater voltage. Installations of this type have 
been usually viewed as temporary or experimental, and with increase in 
the units employed the following factors must be considered: 

(1) Effect of variations in supply-line on treater operation. 
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(2) Effect of parallel transformer-rectifier-treater set operation, due 
to voltage wave distortion, on: 

(a) Performance of other industrial and lighting apparatus. 

(b) Treater performance. 

(3) Hazard to life and equipment caused by reflection of high-voltage 

surges on line. 

(4) Limited control of treater voltage obtainable by varying primary 

series resistance. 

(5) Maintenance of heavy current carrying variable-resistance contacts. 

(6) Increased power loss due to this type of control. 

(7) Hazard of plant shut-down caused by treater disturbances. 

Other Systems 

Recognition of the remaining systems has been urged at various times 
on account of their smaller first cost and floor space. A careful analysis 
of practically every project, however, has revealed that such saving is 
accompanied by a greatly increased liability of interruption to service. 

In this effort to reduce the initial investment, it is overlooked that, 
while the commercialization of precipitating processes hinges upon the 
development of electrical units, the average first cost of the electrical 
equipment of representative installations is actually a small part of the 
total, approximating ususdly 10 per cent, and, in rare instances, 15 per 
cent, of the cost of the treater. Moreover, the value of the yearly re- 
covery from the average installation is at least twice the total investment, 
rangirg from 150 to 600 per cent, of the total first cost, depending upon 
the type of construction required and the character of the material 
precipitated. The cost of the electrical equipment is, therefore, roughly 
from 2 to 7 per cent, of the value of the yearly recovery. The tendency 
among engineers is therefore toward the development and installation 
of rugged apparatus, having a liberal margin, to assure continuity of 
service. 

In addition to suitable generator, transformer, and rectifier units, it 
has been found desirable to include certain auxiliaries in the circuit, such 
as permanent series resistances in the high and low tension lines to dissi- 
pate oscillating discharges and limit short circuits; and condensers, 
shunted across the generator leads, to absorb infrequent high-voltage 
surges reflected from the transformer windings to the generator armature. 

Transformer 

The extent to which the transformer incorporates the most advanced 
knowledge of high-voltage engineering is the measure ol its success 
in precipitation service. Besides its obvious functions, it must bear the 
brunt of occasional surges caused by treater breakdown, and the periodic 
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oscillations produced at each half cycle on breaking the rectifier arc. 
Figs. 2 and 3 illustrate a type of construction in use in the majority of 
plants, which has demonstrated its ability to withstand, over a long 
period, the most severe operation encountered in precipitation service. 




Rectification 

More dust is precipitated in a given time with a unidirectional field 
between electrodes than with an alternating field. With the latter, 
each reversal of field direction either retards the velocity of the charged 
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dust particles or completely reverses their direction, necessitating a 
larger and more expensive treater than is required with a field constant 
in direction. The problem of converting high-tension alternating cur- 
rent to high-tension unidirectional current has, therefore, received 
considerable attention. Although many devices, such as mercury 
rectifiers, hot-cathode converters, or kenotrons, high-voltage direct- 
current generators, unsymmetrical electrodes, etc., have been advocated, 
the mechanical rectifier is still in use on practically all commercial treater 
circuits. During more than 10 years, its peculiar fitness for this service 



Fig. 4 . — 15 k. v. a. motob-generator set with direct-connected disk-type 

RECTIFIER. 


has been thoroughly demonstrated. As shown in Figs. 1 and 4, the recti- 
fier consists of four stationary shoes, alternate ones being connected 
respectively to the transformer and the treater leads, and two conducting 
sectors mounted on the periphery of an insulating, rotating disk. During 
operation, the rotating sectors short-circuit adjacent and opposite shoes, 
so that at s 3 mchronous speed the alternating current is converted into 
direct-current impulses. 

The noise accompanying the rapid breaking of the tail arcs as the 
rotating contacts recede from the collecting shoes is somewhat objection- 
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able. However, this is overweighed, in the estimation of operators, by 
such characteristics as: 

(1) Extreme simplicity in 
(a) Operating principle. 

(&) Mechanical and electrical construction. 

(2) Ease of adjustment to varying requirements. 

(3) Ruggedness, ease of repair and, therefore, low maintenance. 

(4) Low first cost. 

(5) Intermittent wave contact characteristic, which : 

(a) Limits or suppresses treater short-circuits. 

(&) Assists in sustaining treater voltage. 

Despite the fact that the intermittent wave contact characteristic 
is well known as an inherent property of the rectifier, its effect on treater 
operation is not generally appreciated. 


Suppression of Treater Short-circuits 

Curve A, Fig. 5, illustrates a typical alternating-current or voltage 
wave obtained at the transformer high-tension terminals when operating 
on a resistance load without rectification. Curve B shows the wave form 



Fig. 5. — A, Sine-wave voltage or current. B, Unidirectional voltage 
OR current wave obtained on rectifying sine wave a by a mechanical 
rectifier when supplying energy to a resistance load. 

modified by a mechanical rectifier. The period of wave contact h-c 
is determined by the angle subtended by shoes, rotating sectors, and tail 
arcs, while the interval a-b depends upon the length of gap between 
fixed and stationary conductors, and their position relative to the im- 
pressed wave when first making contact. Any section of the wave may 
be commutated by varying the length of rectifier shoes and adjusting 
them against or in the direction of the approaching wave front. Mgs. 6 
and 7 show, respectively, short and long periods of wave contact. Ob- 
viously, with the long contact, a greater amount of energy is transmitted. 
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Since a positive separation between the alternating and the unidirec- 
tional current circuits is secured during the interval c-d, a short-circuit 
occurring during the period of contact 6— c will be immediately interrupted 
by the electrode separation obtained during c-d. As most treater short- 
circuits are local, being caused by changes in gas condition, irregular accu- 
mulation of deposits, or swinging of electrodes, this rectifier characteristic 
enables the treater to relieve itself by a heavy local discharge in a period 
usually less than 3^f20 sec. with practically no interruption in operation 
or loss in recovery. It has been found possible, therefore, to operate 
Cottrell treaters for 24 hr. a day within 1 per cent, of the critical or 
breakdown voltage. Fig. 7 shows rectifier operation with the operating 
voltage maintained approximately 1 per cent, below critical voltage. 

Fig. 8 shows the changes occurring in voltage (upper wave) and rectifier 



Fig. 6. — Kectifier adjusted for Fig. 7. — Rectifier adjusted for 

SHORT-ARC CONTACT. LONG-ARC CONTACT. 


ground current (lower wave) during the interruption of normal operation 
by a short-circuit in the treater. It will be noted that the short-circuit 
occurred near the peak of the voltage ripple, and cleared in less than ^^ooo 
sec., normal operation having been resumed in 3^^20 sec. Only a slight 
increase in the rectifier current is evident at the instant of short-circuit. 
The current peak following the resumption of service is due to the 
capacity current absorbed by the partially discharged treater. With any 
other commercial method of obtaining high-voltage direct current, such 
an incipient short-circuit would have developed into a heavy current, 
imposing severe strains on connected apparatus, until the more or less 
complex control switches had cleared the line. 

The rectifier cannot, of course, suppress a sustained short-circuit 
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caused by complete breakdown in the treater chambers, or by contact 
of electrodes. Under such conditions, it operates to limit the current 
until the circuit breakers open; this latter type of disturbance, however, 
occurs infrequently. 

Treater Voltage 

As shown in Fig. 8^ and particularly in Fig. 9,^ the treater voltage 
is practically a flat wave. These oscillograms are typical of many 
that have been secured on treaters of different types and capacities. 
The inability of most investigators to record the treater-voltage charac- 
teristic is attributed to the use of an oscillograph of low sensitivity, 
or to excessive leakage of line, insulator, and treater current. The os- 
cillograph, when connected as shown in Fig. 10, offers a discharge path 
for energy stored in the treater, and it is desirable, therefore, to use an 



Fig. 8. Fig. 9. 

Fig. 8. — Voltage across treater (upper wave) and current through 

RECTIFIER GROUND LEAD (LOWER WAVE) IMMEDIATELY BEFORE AND AFTER SHORT- 
CIRCUIT IN TREATER CHAMBER. TiME INTERVAL BETWEEN WAVE PEAKS == M 2 O SEC. 

Fig. 9. — Showing sustained voltage across treater and rectifier ground 
CURRENT DURING NORMAL OPERATION. PeAK VOLTAGE 57,000: EFFECTIVE TREATER 
VOLTAGE APPROXIMATELY 97 PER CENT. OF PEAK. EFFECTIVE RECTIFIER CURRENT 
APPROXIMATELY 1 AMPERE. 

instrument that will respond to the smallest changes of current; other- 
wise the fluctuations in treater voltage appear greater than actually 
occur during normal operation. In all of the treaters examined, the 
effective voltage ranged from 90 to 97 per cent, of the maximum. To 
check the oscillograph observations, comparisons of the actual effective 
and maximum voltages were secured by means of an electrostatic volt- 
meter and a sphere gap, the instruments having been calibrated together 
on a commercial sine-wave voltage. Fig. 11 shows the variation in 
effective voltage with a change in load at a maximum treater voltage of 
approximately 55,000. It may be noted that, throughout the operating 
range, the effective value is close to 95 per cent. 


1 These oscillograms were taken by H. I. Frisbie, Anaconda Copper Mining Co. 
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This sustaining of the treater voltage is caused by the comparatively 
slow rate of treater discharge. The suspended particles have usually 
an appreciable mass and, therefore, when charged under conditions 
where an arc is not formed, travel at low velocity. In fact, under the 
usual condition of moderate clearance of gas at a velocity of 6 ft. per 
second, obtained in a tube 12 in. diameter, 15 ft. long, the average velocity 
of the dust particles, at right angles to the gas stream is, roughly, but 
0.8 in. per second, while complete precipitation of the same number of 
particles during the interval between breaking and making rectifier 
contact would require a velocity of 900 in. per second. Due to this slow 
rate of discharge, or ionic drift, the treater tends to maintain its voltage 
approximately constant, and the rectifier practically operates to convert 



Fig. 10. — Connections for oscillograph observation. 


a high-tension alternating current to a nearly constant high-tension direct 
current, so far as the flow across the gas space itself is concerned. 

It is the author’s opinion that a better utilization of the rectifier 
for suppressing short-circuits and sustaining treater voltage would 
result in improved clearance of dust, and increased returns on the 
investment. 

Operating Voltage 

The treater voltage maintained with a given polarity of discharge 
electrodes is determined by such characteristics as velocity, temperature, 
conductivity, ease of ionization; also by electrode diameter, spacing, etc. 
In referring to the operating voltage, some confusion has resulted from 
the practice of assuming it as equivalent to the maximum effective 
voltage obtainable with a given transformer equipment. We hear 
repeatedly, therefore, of treaters operated at 100,000, 150,000 and even 
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260,000 volts, whereas very few commercial treaters are operating 
above 60,000 volts. The discrepancy between the assumed and the 
actual treater voltage is attributed to : 

(1) Use of a lower transformer ratio than the maximum. 

(2) Voltage drop across series resistances in high and low tension 
circuits. 

(3) Rectifier voltage drop. 

(4) Generator wave distortion from sine to flat-top wave by rectifier 
and treater load characteristics. 

With further development in the control of gaseous ionization and 
agglomeration of suspended solids, the critical voltage will un- 



Fig. 11. — Variation in treater effective voltage with change in load. 


doubtedly be raised, and permit the use of a higher operating voltage 
with its attendant economies. 

Electrode Vibration 

One of the treater phenomena associated with high-voltage opera- 
tion is the tendency of electrodes to vibrate. Non-rigid electrodes, 
of either the chain or the wire type, have been observed to vibrate in 
circular and elliptical orbits, whether supplied with direct current from 
hot-cathode converters, Girvin high-voltage direct-current generator, 
or mechanical rectifiers. The vibration may be intermittent or sus- 
tained. Either type, however, is produced by unbalanced electrostatic 
forces pulling the discharge electrode toward the receiving electrode, 
thereby increasing the field intensity until a local arc ruptures the inter- 
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vening gas. This attractive force increases as the square of the voltage. 
At 25,000 volts, it is quite negligible; at 50,000 volts, it may seriously 
interfere with treater operation; while at 100,000 volts, non-rigid elec- 
trodes become impracticable and are preferably displaced by rigid elec- 
trodes. Vibration occurring at 50,000 volts may be almost eliminated 
by careful alignment of discharge electrode, and by the use of connecting 
damping rods or chains to alter the natural vibration period of the 
electrode system, and prevent it from oscillating in tune with the periodic 
treater arcing or voltage pulses. 

Theater Problems 

In common with all radical developments, the electrostatic process 
is admittedly susceptible of further improvement. It is anticipated 
that valuable results will be obtained from the study of : 

(1) Variation of precipitation rate with: 

(a) Change in gas velocity. 

(fe) Gas or vapor dilution. 

(c) Accelerated agglomeration. 

(d) Temperature change. 

(e) Conductivity and ionizing potential of gases used. 

(/) Conductivity, mass, dielectric constant of fume. 

(2) Methods for the removal of deposited material. 

(3) Control of gas distribution. 

(4) Control of the distribution and nature of deposits. 

With regard to the last problem. Dr. E. R. Wolcott has shown that 
some deposits are essentially discontinuous dielectrics, particularly those 
obtained by the precipitation of cement dust, borax, etc., and form 
areas of high field density which reduce the critical and, therefore, the 
operating voltage from two-thirds to one-half of its initial value. The 
remedy now applied at a number of plants is to render the deposit con- 
ductive by subjecting the flue gases to a fine water spray. Where removal 
of the last traces of suspended fume is essential, as in the precipitation 
of potash, the absolute maintenance of a conductive deposit is assured 
by passing a continuous water film over the receiving electrodes. The 
potash treater recently installed at the Security Cement and Lime Co., 
Hagerstown, Md., embodies this development. 

Investigations along the lines mentioned above will tend to : 

(1) Increase the percentage of recovery. 

(2) Decrease the cost of treater chambers, through increasing the 
rate of precipitation at high gas velocities. 

(3) Reduce operating cost and improve continuity of service through 
the development of automatic methods for the removal of deposits 
formed on either electrode. 
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Summary 

(1) The commercialization of the electrostatic precipitation process 
has pivoted about the development of transformers. 

(2) The synchronous contact maker, or mechanical rectifier, besides 
converting high-tension alternating current to high-tension direct 
current, serves to: (a) Suppress treater short-circuits, and (b) sustain 
treater voltage, thereby permitting operation within a few per cent, 
of the critical voltage of the treater, while also maintaining a practically 
constant voltage, resulting in high recovery of suspended substances. 

(3) Rapid progress is being made in the control of disturbing 
phenomena, inevitable with high-voltage operation. 

(4) The precipitator investment is approximately 8 to 10 times 
that of the electrical equipment. Improvement in construction of the 
precipitator will show, therefore, a correspondingly greater reduction in 
total cost of installation. 
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DISCUSSION 

Gerard B. Rosenblatt, * Salt Lake City, Utah (written discussionf). 
— Mr. Eschholz attacks this problem from what appears to me to be the 
proper angle. He does not limit his viewpoint to the attainment of 
ideal results under conditions approximating laboratory practice, but 
rather discusses actual commercial conditions that must be maintained 
in large-scale operations, where continuity of service without expert 
attendance is one of the prime considerations. 

I am of the opinion that Mr. Eschholz has not given sufficient con- 
sideration to the commercial possibilities of what he describes as System 
B, the use of low-tension a.-c. industrial or lighting circuits for supplying 
power to Cottrell treaters through the medium of a step-up transformer 
and a synchronously driven rectifier, without the use of motor-generators. 
It is true that, to date, few installations on a large scale have used this 
system, but I believe that when the conditions of power supply are suit- 
able, and when proper precautions are taken, this system can be used 
successfully and to advantage where at present it is considered necessary 
to use motor-generator sets. 


* Electrical Engineer. 


t Received Aug. 19, 1918. 
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In the average commercial Cottrell installation of any size, the 
motor-generator set is used for two purposes: 

(1) To isolate the industrial supply circuit from the Cottrell circuit. 

(2) To afford an easily operated and smooth system of control for 
the Cottrell treater voltage. 

With proper engineering, both of these objects can be accomplished 
without the use of motor-generator sets. 

In isolating the industrial circuit from the low-tension Cottrell 
circuit, the motor-generator set performs two functions; it eliminates 
or at least damps the effect of irregularities of voltage in the industrial 
supply circuit upon the voltage of the Cottrell circuit; and it prevents 
disturbances in the Cottrell circuit from being reflected back to the 
industrial circuit. 

If the voltage regulation of the industrial supply circuit is good, then 
the first function of the motor-generator set is unnecessary. Many 
central stations and many of our larger industrial plants, smelters, cement 
works, and the like, maintain voltage regulation which is altogether 
adequate for direct supply to the Cottrell transformer. Even if they 
do not, it may prove in many cases that a small automatic induction 
regulator of the type commonly used in lighting systems may remedy 
most of the deficiencies in voltage regulation. It is a matter of balancing 
dollars and cents to determine whether such a regulator is justified. 

As to the reflection of Cottrell-circuit disturbances to the industrial 
circuit, this also can be guarded against by the proper precautions. The 
disturbances that are apt to emanate from the Cottrell circuit may gen- 
erally be classified as follows: 

(1) The creation of disturbing harmonics by the parallel operation of 
synchronously driven mechanical rectifiers, which rectifiers cannot be 
set so that they make and break contact at exactly the same point in 
each cycle. 

(2) The effect of maintained short-circuits on the high-tension side 
of the step-up transformer, usually in the treater tubes themselves. 

(3) The reflection of high-voltage surges from the high-tension treater 
circuit to the low-tension side of the transformer. 

The harmonics created by the parallel operation of mechanical rec- 
tifiers can be cared for in a number of ways. If the total capacity of 
the supply circuit is large in comparison with the energy taken by the 
Cottrell system, these harmonics are readily absorbed and cause no 
trouble whatever. This has been quite definitely brought out by cer- 
tain oscillograph investigations which have been conducted with an 
installation of approximately 100 k.v.a. of Cottrell equipment in a western 
smelter. If, however, it is desirable to absorb these harmonics, it can prob- 
ably be accomplished by one of several methods, none of which has yet 
received adequate investigation. One of these methods is to supply a 

VOL. LX. — 17 . 
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damping winding in the step-up Cottrell transformer. Another is the 
possibility of using a selective resistor which can be constructed to have 
very much higher impedance for abnormal frequencies than for the 
proper operating frequency. Another possibility is a synchronous impe- 
dance connected to and operated from the mechanical rectifier. Admit- 
tedly, all of these remedies for the absorption of harmonics introduce 
complications in the circuit, but with proper development it is very pos- 
sible that these complications may be reduced to such an extent that, from 
an operating point of view, they will be negligible. 

The effect of maintained short-circuits may be counteracted exactly 
as in the use of motor-generator sets; that is, by proper mechanical rec- 
tifier backed up by adequate circuit-breakers. 

The reflection of high-voltage surges is also readily prevented by sim- 
ple, permanently adjusted, immobile apparatus such as small condensers 
connected between line and ground, with possibly the addition of a safety 
spark gap. Condensers are now used for this purpose with most motor- 
generator installations. 

With proper protective equipment, the life hazard mentioned by Mr. 
Eschholz is certainly no greater when using an industrial circuit supply 
for the Cottrell transformer than when using motor-generator sets. 

The control of treater voltage when using an industrial circuit to 
supply the Cottrell transformer direct is probably not quite so accurate 
as when using motor-generator sets, but it is sufficiently fine for many 
commercial applications, and the advantages of eliminating the motor- 
generator sets, even at a sacrifice in fineness of control, should certainly 
receive consideration in many instances. 

The maintenance of heavy current through variable resistance con- 
tacts is not so serious if .the contacts are properly designed and if the 
voltage difference between adjacent contacts is kept low. It has been 
found that what burns contacts on the series rheostat, in the low-tension 
of a Cottrell circuit, is not the current carried by the contacts but the arc 
formed when the contact arm is moved from one contact to another. 
Admittedly, this means a rheostat having a considerable but not an in- 
ordinately great number of steps. 

Under commercial operating conditions, I question whether the power 
losses would be very different in a system using industrial power supply 
than in one of individual motor-generator sets. The losses in the series 
adjusting resistance, and in the synchronous motor for driving the 
rectifier, probably would average about the same as the combined losses 
in the motor-generator set, including those entailed in the excitation of 
the Cottrell generator. Anyway, in a commercial plant, power required 
for electrical precipitation is a small portion of the expense of operating, 
and if one system did take 10 per cent, more power than another, it would 
be difficult to find its effect in the actual cost per ton of dust recovered. 
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The hazard of plant shut-down, which might be caused by a treater 
disturbance in case industrial power is used directly on the low-tension 
of the Cottrell transformer, is the one point that cannot be decided until 
some large commercial installation, omitting motor-generator sets, is 
actually made and operated for a considerable period of time. I think 
that, with proper consideration of the points previously mentioned, this 
hazard would not be serious. 

The foregoing has been mainly confined to the disadvantages charged 
against the omission of motor-generator sets in a commercial Cottrell 
installation. The advantages of omitting the motor-generator sets are 
worthy of mention; they are: 

(1) Less space required for electrical equipment. 

(2) Less apparatus to buy and care for. 

(3) Smoother opeTation if the power supply has proper characteristics. 

(1) Any tentative plant layout will prove the space economy of omit- 
ting the motor-generator sets, even considering the increased space re- 
quired for the switchboard installation and admitting the fact that the 
rectifier, whether driven from a motor-generator set or a little synchro- 
nous motor, occupies a large proportion of the floor area required by all 
rotating machinery. 

(2) The omission of the motor-generator set decreases the first cost 
of the apparatus but, as well pointed out by Mr. Eschholz, electrical 
apparatus is the small end of the first cost of the treater, and I would not 
lay too much stress on a slight reduction in first cost of electrical appara- 
tus. The matter of maintenance and attention is of somewhat more 
importance, and I think that it will be found that maintenance of rheostat 
contacts and synchronous motor bearings will be less than that of 
motor-generator sets with collector rings and with exciters having com- 
mutators. However, the actual cost of maintenance, in dollars, may 
not differ greatly because an attendant is necessary in most Cottrell 
installations, and he usually has spare time to devote to keeping any 
simple design of machine in good shape. I believe, however, that shut- 
down due to machine trouble will be probably less if motor-generator 
sets are eliminated. 

(3) The question of smooth operation if industrial power supply 
is used direct for the Cottrell transformers depends entirely on the char- 
acteristics of that supply. If the wave form is right, if the voltage regu- 
lation is good enough, and if the capacity behind the plant is sufficient, 
experience has shown that smooth operation in the Cottrell treater fol- 
lows. If these conditions do not exist, then operation with industrial 
power supply will be very much more troublesome than if motor-genera- 
tor sets are used. For this reason, the elimination of motor-generator 
sets from the installation for a Cottrell treater cannot always be properly 
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recommended; I contend merely that in many places industrial power 
could advantageously be used direct. 

In any event, for a commercial installation, either the motor-generator 
set with mechanical rectifiers and step-up transformers, or industrial 
power supply direct to the step-up transformer with synchronously driven 
mechanical rectifiers, would seem far more satisfactory than any system 
which, in order to eliminate the mechanical rectifier, introduces intricate 
and as yet not thoroughly developed electrical equipment. If the Cot- 
trell process is installed in a plant to make money from the product re- 
covered, then the apparatus used must be of the simplest, most rugged, 
and most highly developed type. ' 

Harmon F. Fisher,* New York, N. Y. — Mr. Eschholz discusses the 
particular case of large precipitators installed in connection with large 
metallurgical operations, and receiving their high-potential energy 
through the conversion of alternating current to direct current by means 
of the mechanical rectifier. He classifies these mechanical rectifier 
installations, according to source of power, as follows : 

System A . — Applications utilizing individual alternating-current generators, 
either single-phase or polyphase, installed exclusively for furnishing energy to one 
or more transformer-rectifier-precipitator units. 

System B . — ^Applications having no special alternating-current generators, but 
utilizing the existing alternating-current industrial or lighting mains to supply the 
energy to one or more transformer-rectifier-precipitator units. 

System C. — ^Applications receiving their energy from high-tension power circuits 
supplied directly to potential regulator-rectifier-precipitator units. 

I do not intend here to enter upon a detailed technical discussion of 
the foregoing classes, which would really interest only the manufac- 
turers of electrical apparatus and the electrical engineers. A brief 
general discussion follows: 


System A 

Remembering that the paper under discussion is confined entirely to 
precipitation installations as applied to large metallurgical plants, the 
author is undoubtedly correct in stating that system A-1 is at present 
the most widely used in these applications. In this case, a generator is 
installed exclusively for the purpose of furnishing energy to one trans- 
former-rectifier-precipitator set, thus permitting the greatest flexibility 
in operating control. By reason of this flexibility, it may be possible, 
in a few instances, to improve slightly on the dust recovery attainable 
with the simpler installations listed under system B, but as a general rule, 
the simpler installations can be adjusted to give any degree of clearance 
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desired. A system utilizing individual generators does not, in our 
opinion j afford any greater continuity of operation than is possible with 
the simpler installations. 


Syste7n B 

It is our opinion that, of the three systems outhned in the original 
paper, the simplest arrangement is that of system B. 

Considering precipitation as applied to all industries, undoubtedly 
this is and will remain the most widely applied system. It is recognized 
that it should not be applied to an existing power main having an energy 
capacity but slightly in excess of the precipitation demands, nor on a 
power main subject to violent fluctuations. 

The author states that voltage control is obtained by means of a 
series resistance in the primary circuit of the transformer. There appears 
to be some confusion on this point; voltage control is intended to be 
obtained by transformer primary taps. A certain amount of voltage 
control can be obtained by varying the resistance in the transformer 
primary, but a distinctly separate and valuable property of this resistance 
must not be overlooked; namely, it helps to absorb the energy of the 
surges and oscillations which the rectifier-precipitator load impresses 
upon the transformer circuit. 

Most modern industrial lighting and power circuits have fairly 
close voltage regulation; hence, in only abnormal cases wiU there be 
severe variations in the supply line which may prove detrimental to 
precipitator operation. 

The effect of multiple-parallel transformer-rectifier-precipitator 
operation on voltage distortion wiU generally be more pronounced in 
system A than in system B. The effect on other industrial and lighting 
apparatus on the same circuit, the hazard to life and equipment caused 
by reflection of high voltage surges on the line, etc., are rather remote 
possibilities, particularly if the same auxiliary protection is installed 
that Mr. Eschholz mentions in the fiinal paragraph under Other Systems.’’ 

It may be mentioned that cases are on record where, on account of 
faulty operation, individual generator-transformer-rectifier sets have 
been replaced by synchronous motor-driven rectifier-transformer sets 
operating directly off the main low-potential power supply line, with 
greatly improved operation. 


System C 

This system, utilizing energy directly from a high-potential alter- 
nating-current main, has never been seriously applied, to our knowledge. 
Besides having no advantages and being very awkward to operate, it would 
have many disadvantages over the two systems already discussed. 
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Rectification and Electrode Vibration 

As stated in the original paper, one of the sturdiest and most reliable 
pieces of apparatus in use to-day is the modern high-tension transformer. 
Under even the most severfe and violent operating conditions of the past, 
before our present knowledge of electric circuit conditions and gas con- 
ditioning were available, this apparatus gave but very little trouble and 
a very nearly perfect record may be expected in the future. 

For converting alternating current to direct current, the old mechan- 
ical rectifier, because of its extreme simplicity, ruggedness and ease of 
repair, will always appeal to the practical operating man who has become 
accustomed to its use. 

An important property of rectifiers, because of the rapid alternate 
opening and closing of the high-tension circuit, is the prevention of long 
continuous arcing or surging in the precipitator, due to any temporary 
upset of the electrical equilibrium of the circuit. This feature of rec- 
tifiers is also useful in instances where the electrode spacing has become 
less than would correspond to the potential at which the precipitator is 
operating, or in the case of an accidental short-circuit. Here it prevents 
abnormal current rushes, and serves as a limit to the short-circuit current 
to which a given transformer equipment would otherwise be subjected. 

The author mentions electrode vibration as being due to unbalanced 
electrostatic forces. These same forces have been found to exist in the 
most carefully conducted corona experiments, where practically perfect 
centering of the electrodes within the outer cylinders could be assured. 
The remedy is relatively simple, and consists in placing damping rods, 
pipes, or chains in the electrodes so as to interrupt the simple harmonic 
vibratory motion. Chain electrodes are less subject to this phenomenon 
than a single wire electrode, and in no instances has any serious trouble 
been experienced from this cause. 

Under “Treater Problems,’’ the author mentions certain lines of 
studies for the improvement of the precipitation art. It may be of 
interest to know that the more important of these have been carried on 
for an extended period, and are being conducted at the present time, and 
results have been obtained which indicate the possibility of decided im- 
provement both in the size of the precipitators and the smoothness and 
continuity of operation. 

B. L. Sackett,* Tooele, Utah. — It may be interesting to record 
some actual conclusions derived from two years’ operation of Cottrell 
precipitators at the Tooele, Utah, plant of The International Smelting 
Co. In emphasizing the importance of installing the best of electrical 
equipment in Cottrell power-houses, Mr. Eschholz states a fact which 
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cannot be disputed, for if the electrical equipment be inefficient or in- 
sufficient, the effect is at once noted in unsatisfactory treater recoveries. 
However, it does not necessarily follow that the most costly installation 
gives the most eflBcient results, as the experience we have had at one of 
our treaters has shown. 

There are two treaters at the Tooele plant which have been in opera- 
tion for about two years; a four-unit, 880-pipe treater working on the 
gas from the Dwight-Lloyd sintering plant; and a one-unit, 220-pipe 
treater, working on the gas from the copper converters. In both of 
these treaters, pipes of 12 in. diameter and 15 ft. long are used. An 
additional four-unit, flue-type treater, which will treat the gas from 
the McDougall roasting plant, is now in course of construction. 

The original electrical systems installed at the first two of the above 
mentioned treaters were: at the sintering-plant treater, a single-phase 
generator supplying power to four transformer-rectifier-treater sets 
operated in parallel on the low-tension side. (Mr. Eschholz^s classifica- 
tion A-2); at the converter treater, a single-phase generator supplying 
power to a single transformer-rectifier-treater unit (Mr. Eschholz^s classi- 
fication A-l.) 

Our work at Tooele during the past eight months has led us to conclude 
that improved treater operations can be obtained by using the electrical 
equipment classified by Mr. Eschholz as System B, namely, low-tension, 
alternating current from the smelter industrial main, supplying power 
to the transformer-rectifier-treater sets, rather than system A-2 or A-l . 

The four-unit sintering-plant treater has been operating on system 
B for over two months, giving noticeably improved treater efficiency as 
compared with that obtained with system A-2, due to an increased 
power input to the treater, and a smoother wave form, as shown by 
oscillograms. The one-unit converter treater will be continuously 
operated by system B as soon as the necessary equipment arrives. The 
new four-unit McDougall roaster treater will also be electrically equipped 
by system B. 

In all of our work at these treaters, both experimental and operat- 
ing, it has been shown to our entire satisfaction that the undesirable 
possibilities to be looked for when using system B, as given by Mr. 
Eschholz, really do not exist if the installation be properly made. It 
is actually found that system B gives smoother electrical operation, 
higher power-plant input, and consequently, improved treater efficiency, 
than did either of the other installations; and at no time has there been 
the slightest indication of any reflected disturbances on our main power 
line from either treater. 

Mr. Eschholz states that the first cost of the electrical equipment 
foi’ a Cottrell treater is approximately 10 per cent, of the total cost of 
the treater. In the case of our sintering-plant treater, the cost of the 
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electrical equipment was 10.2 per cent, of the total cost of the treater; 
at the converter treater it was 15.3 per cent. 

In connection with the cost of electrical equipment, we have found 
that the repair charges for this equipment have mounted up to a figure 
that is worthy of serious consideration. For example, at our sintering- 
plant treater, repairs have cost slightly over 40 per cent, of the first cost 
of the equipment in less than two years^ operation. 

Mr. Eschholz also states some general figures as to the value of the 
yearly recovery from the average Cottrell installation. The annual 
net profit derived from our treaters, to be applied to construction cost, 
is much less than that indicated by Mr. Eschholz as a minimum. In 
speaking of this profit, the figures given represent the gross value of 
the metals contained in the recovered fume, less the treater operating 
costs, including repairs, the cost of smelting the fume, and making proper 
allowance for the metallurgical losses in the smelting operation The 
periods of operation represented are 22 months, and 19 months, re- 
spectively, for the sintering-plant and converter-plant treaters. The 
calculations are based upon the prevailing metal prices for the respective 
periods under consideration. At the sintering-plant treater, these 
profits have amounted to approximately 38 per cent, per annum of 
the total first cost of the treater. At the converter treater they have 
been about 56 per cent, of the first cost per annum. 

Had the average metal prices for the past 10 years been used as 
a basis for these calculations, other factors remaining as they actually 
were, the sintering-plant treater would have shown a slight loss instead 
of profit, and the profit per annum at the converter treater would have 
been slightly less than 8 per cent. 

L. D. Ricketts, New York, N. Y.— May I ask what is the purpose 
of the Cottrell treater in the converter plant? 

B. L. Sackett. — The prime reason for both treaters was to abate 
the smoke, the familiar question of smoke litigation having arisen, which 
we expected to avoid by removing the solids from our escaping gases. 

L. D. Ricketts. — [After you began using the Cottrell treaters, and 
recovering your lead in the form of sulfate, did you then begin converting 
the lead matte from your blast furnaces? 

B. L. Sackett.— No; we do not handle the fume from our lead con- 
verters in the Cottrell treaters. That goes to the bag house, being a 
product which is completely neutralized. Our copper matte carries some 
lead, which we were anxious to recover, as well as to abate the smoke 
damage. It is only the copper-converter dust that we are catching in 
the treater, while the gas from the lead converter goes to the bag house. 
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H. D. Randall,* Salt Lake City, Utah. — One important point, from 
the electrical standpoint, is the fact that the small machine of system A 
is apt to have a poor wave form as compared with the large machine in 
a central station. Also the limited electrostatic capacity of System A 
easily sets up harmonic vibrations of the higher frequencies. System B 
is electrically a part of the transmission system feeding it, and owing to 
its comparatively enormous electrostatic capacity, is not subject to the 
phenomenon of resonance. The comparison is analogous to a violin 
string against an aerial tram cable. 

This, in itself, is the strongest argument in favor of system B; and 
now that central stations and transmission lines have such perfect voltage 
and frequency regulation, there really is an extremely small advantage, 
if any, to be attained from separate motor-generator sets. 

E. P. Mathewson, New York, N. Y. — There are certain practical 
points connected with the operation of the Cottrell plants which I think 
should be discussed, although they are not directly brought up by the 
author of the paper. 

In the early days of the Cottrell apparatus, they treated moist fumes 
or gases carrying material that could be precipitated — sulfuric acid was 
the first. The treating of dry gases seemed to be a problem. Lately, 
we have been gathering information from various plants which indicates 
that a certain amount of moisture in the gases is necessary for good 
precipitation of the dust. At one plant, a relative humidification of 
42 per cent, is considered the best proportion. This has been obtained 
by sprays of water from the roof of the flue leading to the Cottrell ap- 
paratus, and since those sprays were put in, the results have shown a 
wonderful improvement. At the plant of the International Smelting 
Co. at Miami, the concentrates treated in the roasters to which the ap- 
paratus is applied contain so much moisture that the gases naturally 
have the proper proportion, and the results at that plant are extremely 
good. 

When visiting a plant in the East not long ago, I noticed that the 
motor-generator set originally installed had been discarded, and a small 
synchronous motor had been put in to drive the rectifier. The super- 
intendent explained that they took their power from a public service 
company, and had no trouble whatever from surges on the line, and no 
complaints at all from the power company since installing this synchron- 
ous motor, but that they had experienced no end of trouble in operating 
their Cottrell treater so long as they used a motor-generator set. 

I called the attention of some of the superintendents at our various 
plants, which were using Cottrell treaters, to this fact, but it only seemed 
to touch a sore spot with them; it seemed that there had been a great 
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deal of discussion among the superintendents of the various plants, as 
well as the electrical experts, on this point. Some of those who had been 
instrumental in designing installations thought that the dangers from 
surges were so great that the use of synchronous motors was absolutely 
unsafe, and that the possible saving of a few dollars should not be con- 
sidered at all in the installation of the Cottrell treater; that the main 
thing was to get the dust precipitated, and that a slight increase of 
efficiency in the electrical end of the apparatus was not worthy of con- 
sideration. 

On my present trip, I have found that the electrical expert in charge 
of the precipitation department in one of the plants has become fully 
convinced that the synchronous motor is the proper apparatus to install, 
and he demonstrated this to my untechnical eyes very clearly. They 
had four motor-generator sets on each side of the center of the building, 
with transformers corresponding to each set. Four of these motor- 
generator sets had been re-wound, so that they were practically synchron- 
ous motors, and were driving the rectifiers. The power was supplied 
by the Montana Power Co., a large source of power. I could see plainly 
the sparking above the transformers of the motor-generator sets, while 
there was no sparking whatever on the other side of the building where 
the synchronous motors were used. The voltage on the side where the 
sparking occurred was 25,000, and on the other side was 27,000 to 28,000. 
It proved to me that it would be wise for all who are contemplating 
putting in the Cottrell apparatus to consider carefully the difference in 
these two methods of applying the power to the rectifier. 

There is one substance which non-ferrous metallurgists have always 
found to give a great deal of trouble in precipitating — that is zinc oxide. 
Numerous experiments have shown that the Cottrell apparatus is not 
adapted to the precipitation of zinc oxide where it occurs in large quantity. 
The zine oxide, apparently — I now speak in a non-technical way — is 
precipitated in such form as to make a non-conductor, and the pre- 
cipitation continues only a short time before its efficiency is greatly im- 
paired. To save this substance it seems to be necessary to use some 
filtering agent, such as the bag house. 

F. H. ViETS,* New York City.— The Research Corporation has done 
a great deal of work on the zinc oxide problem, and has built a treater at 
a brass company's plant in Connecticut to recover the zinc oxides from 
their casting shops. The principal factor in treating that fume is its 
humidification, which, requires close adjustment. The last time I visited 
Torrington, last September, they were making about 85 per cent, recovery 
with this experimental unit. 
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In comparing the two systems of supplying power to precipitator 
circuits, a certain technical point requires explanation: System B, in 
which a large source of power supplies current of low voltage to precipi- 
tator circuits, is not nearly so liable to oscillations as is a small generator 
with its armature immediately adjacent to the primary of the trans- 
former, which may act as a mirror to reflect back to the transformer any 
oscillations that may occur there. These oscillations may build up dan- 
gerous potentials on the secondary or high-voltage terminals of the trans- 
former. The larger power system does not lend itself so readily to these 
oscillations; at least, it does not permit them to grow to dangerous pro- 
portions. System B has recently been improved so as to be controlled 
by a potential regulator on the primary, or low-voltage circuit, which 
gives very close regulation, and very efficient operation between the taps 
on the primary of the Cottrell transformers. These transformers are 
provided with taps on their primaries so as to give approximate voltage 
regulation. Between these taps, until recently, it has been the custom 
to use a series resistance to obtain voltage regulation. 

I might comment briefly regarding recent observations on the rate 
of dust migration; I have in mind the case of fume-laden gas escaping 
from a 50-ton commercial kiln calcining alunite ore for the production of 
sulfate of potash. This gas contains not only very finely divided fume, 
but also some alum and coarse dust. When treating this gas in a pipe 
of 12 in. diameter by 15 ft. long, we find by filtration tests that over 
99 per cent, of the solids entering the pipe are precipitated when a gas 
velocity of 7.5 ft. per sec. through the pipe is maintained This means 
that the fume particles themselves are in the pipe for 2 sec. Considering 
the comparatively small number of particles entering near the center of 
the pipe, and assuming that they do not reach the pipe wall until they 
travel the whole length of the pipe, the particles must travel the 6-in. 
radius in 2 sec., and must have a velocity, due to electrical stresses, of 
3 in. per sec. As a matter of fact, most of the dust is precipitated in the 
lower 6 ft. of the pipe, the upper 6 ft. recovering relatively small quan- 
tities of the dust. 

B. L. Sackett. — Regarding humidification, we have found, in the 
case of our converter treater, that it is absolutely essential to add a 
considerable quantity of water in the form of a fine mist; before adding 
that moisture we were not able to maintain anything approaching the 
proper voltage in the treater, and our recoveries were extremely low. 

The gas going to the treater enters at a temperature,, before being 
sprayed, of approximately 300° F. (150° C.); while the sprays do not 
lower the temperature very much, they seem to add sufficient moisture 
to accomplish the result required. 

We have also recently learned that the Western Precipitation Co., of 
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Los Angeles, has found that gases which have been rather ineffectively 
handled heretofore are now successfully treated with the aid of an efficient 
spraying system. 

F. G. Cottrell,* Washington, D. C. — It is interesting to notice that 
points raised tonight, as still under active discussion, were the centers of 
interest in a great deal of the work in the first few plants erected. 

The use of the synchronous motor for the rectifier drive was naturally 
the first method adopted in the laboratory, and was carried into the 
initial commercial installations at Selby, and later at the Balaklala plant, 
although even at Selby, as development progressed, we tried out separate 
generators. At that time small a.-c. generators were not so easily ob- 
tainable as today. The development of wireless and other demands for 
small a.-c. generators have since brought the technique to the point 
where it is today, but at that time we had to content ourselves with a 
made-over four-pole d.-c. motor, having a special armature wound for it; 
but armature reaction in that case was very high. This, run as an a.-c. 
generator, would carry a lamp-load very nicely, but we could not get 
more than a few per cent, of its rating out of it on the rectifier load. 

In the Balaklala plant we went over to the three-phase combination 
at the start, but found that, while this permitted us to get a little more 
precipitation out of each treater, the power consumption was greater in 
proportion than the gain in efficiency in the treater, and so we went back 
again to the single-phase. 

After that, gradually, the commercial availability of independent 
small generator units came about, and they were adopted in some of the 
later plants, but that was mostly after I ceased to be in close contact 
with the work, and my knowledge of results is, therefore, largely second- 
hand. 

Even the matter of zinc oxide came prominently to our attention at 
Balaklala. With the high-zinc ores which they smelted at certain times, 
we had difficulty with bone-dry precipitation, finding it hard to hold 
the voltage. We went into the question of humidification and rigged 
up sprays which we found helped us out. When the total zinc in the 
ore was low, the acid in the roaster fumes was sufficient to make the 
deposit slightly conductive, but with high-zinc the oxide was sometimes 
in excess, and made trouble. We were inclined to the conclusion, at that 
time, that it would be necessary to have a slightly conducting precipitate, 
but our ideas as to just what was necessary were so often reversed in 
that early work that I became very cautious of drawing any general 
conclusions. 
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That was particularly true in the application of the process to cement 
works, where very high temperatures were to be encountered and there 
could be no appreciable condensation of acid or moisture. But Mr. 
Schmidt, at Riverside, was soon running his precipitators up to tem- 
peratures of 450° C., and even higher, with cement dust, which was about 
as dry and non-conductive, in the ordinary sense, as anything one could 
well imagine; yet he had no difficulty from these static troubles such as 
we had encountered with dry deposits at Balaklala. 

We therefore had to revise to some extent our ideas of the significance 
of the non-conductive character of the fume. That still stands out as a 
rather interesting difference between cement dust, for example, and zinc 
oxide, at the same temperatures, one giving very much more trouble than 
the other. The essential difference in the electrical behavior of the two 
deposits seems most likely to be sought primarily in the fineness of their 
textures. 

G. B. Rosenblatt. — The choice between motor-generator sets and 
synchronous motors for driving the rectifier involves a point very often 
overlooked, which is the wave form of the power supplied to the rectifier 
itself. 

The Anaconda Copper Mining Co. is installing the largest Cottrell 
treater in the world. They will treat dust from their copper roasting 
plant, and will employ a total of thirteen 75-k.v.a. outfits. After a 
rather lengthy investigation, with many trial runs on a more or less 
commercial design of treater, employing about 75 k.v.a., they decided 
on motor-generator sets. Personally I am not holding a brief for the 
motor-generator, but am merely transmitting to you information given 
to me by Mr. Murphy, of the Anaconda company. 

Their investigations carefully covered systems A-1, and B, of Mr. 
Eschholz’s paper. They gave no consideration to system A-2, because 
of the conjectured possibilities of regulation troubles. Their cost esti- 
mates led them to believe that the investment for system B, using induc- 
tion regulators, as mentioned by Mr. Viets, would come to so little less 
than the investment for system A-1, that their appropriation was finally 
approved on the basis of system A-1, and the plant will be erected on 
that basis. They anticipate better operating conditions, less liability 
of interruption, and more general satisfaction by using motor-generator 
sets than by using the power of the Montana Power Co. direct on syn- 
chronous motor-driven rectifiers. They are, however, putting in one unit 
according to system B, so that they may have some actual comparisons 
under commercial operating conditions. 

In connection with their tests under commercial conditions, the Ana- 
conda company made a great many oscillogram tests, the study of which 
led to the conclusion that if a motor-generator set could be obtained 
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that would give as perfect a wave form as the average commercial power 
circuit, then the motor-generator set would afford superior operating 
conditions. If, on the other hand, the motor-generator set had short- 
comings in its wave form, and embodied certain harmonics, then trouble 
might be looked for, not because of the motor-generator set itself, but 
because the wave form was not of the best. The smoothest operation 
may be expected with sets giving the most perfect wave form — ^more 
perfect than that of the average industrial power supply. 

Anaconda has probably done as much as anyone toward developing 
the mechanical rectifier. They carefully examined the possibilities 
of other forms of electrical apparatus for obtaining uni-directional current, 
and considered everything, I believe, that could be furnished by the 
manufacturers. They gave particular attention to the hot cathode 
converter, or ^^kenotron,^' as it is called by its principal manufacturer. 
After testing it, and realizing its inherent disadvantages, they returned 
to the mechanically driven rectifier, and have developed it to a very high 
degree. They are now making and using the largest mechanically 
driven rectifier in the country; it is 42 in. in diameter, the largest previ- 
ously developed being 36 or 37 in. They say they are getting excellent 
results from these 42-in. rectifiers. 

E. E. Thum,* Salt Lake City, Utah. — In regard to some of the prac- 
tical points on moisture content of fume and on precipitator construction 
brought out by Mr. Mathewson, it might be interesting to describe a 
plant about to be built at the Southwestern Portland Cement Co. at 
Victorville, Cal. 

Dr. Cottrell spoke of the work of Mr. Walter Schmidt and his asso- 
ciates of the Western Precipitation Co. on hot cement dust. The 
Riverside plant, installed under their direction, is a very fine plant for 
the precipitation of hot dust. However, I was told by some of their 
men that while the precipitation made a fine recovery of dust from the 
furnace gases, it allowed a considerable quantity of the finest fume to 
get by. Unfortunately, the fume is richest in potash, and as you all 
know, cement-dust potash is an important and valuable commodity at 
the present time. 

The Victorville people investigated different methods for recovering 
the potash volatilized from their cement kilns, and Mr. J. G. Dean, 
their chemical engineer, decided that he would install a humidification 
process rather than the electrical process of precipitation. Mr. Deanes 
experimental plant takes the hot gases, sprays them carefully and 
thoroughly, thus cooling them to about 110° C. by contact with cold 
water and by the evaporation of the atomized spray. These gases now 
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contain a large percentage of water vapor and are passed through a 
condenser, there acting as a heating substance. 

The condenser itself is rather unusual, the outside and supporting 
structure being made of reinforced concrete; the tubes and flue sheets 
are of steel, however. Within the condenser proper, a 24-in. vacuum 
is maintained above the weak solutions to be evaporated. Thus the 
humid gases passing through the tubes may be cooled to about 60° C. 
before discharge. Meanwhile the contained water vapor, condensing at 
100° C. and below, would condense about the very small particles of 
potash as nuclei. The mist formed largely collects on the inside of 
the condenser tubes and trickles down into a sump, naturally carrying 
the potash in solution. 

This works very nicely, but it is hard to collect mechanically the 
last particles of fog, and Mr. Dean found that even after the gases 
had passed through the condenser and been cooled and clarified, they 
still contained a considerable amount of unwetted potash particles. 
The amount varied somewhat — ^the potash recovery being perfect at 
times — ^yet under certain undetermined conditions of burning and wet- 
ting, the loss was large. Thus he finally decided that his humidification 
process was not as good as it might be, although it is producing about a 
ton of potassium sulfate a day. 

Therefore he is now designing a Cottrell plant for treating these 
very cool, saturated gases which come through from the spray chambers 
and condensers, which is about as different from the gas at Riverside 
as one could imagine. Preliminary experiments show that the effluent 
from a precipitator treating these gases is sensibly potash-free at all 
times. The treater will contain concrete instead of iron pipes for the 
grounded electrode. Since the plant will precipitate a mist out of a 
saturated gas which is constantly cooling, the tubes will be always wet 
from this potash solution flowing down on the inside. This conducting 
film obviates the necessity of providing a metallic conductor for the 
grounded side of the apparatus. Since the gases are saturated on 
entering and cool during their passage, no evaporation of this film is 
possible, so no break in the circuit need be feared. Encrusting salts and 
growth of crystals are also impossible in the absence of any evaporation. 

B. L. Sackett. — Mr. Thum brings out a very interesting point 
and one that we have found important. He speaks of the ease with 
which the flue-dust, or the coarser particles of it, may be caught, and 
the difficulty of catching the finer particles. 

As I understand it, the potash, as it occurs at the cement mills, 
is in the form of a fume; that is, has been formed by a chemical action, 
and is not a mechanical dust. At our plant we have found that the 
difficulties of precipitating a fume of this nature are far greater than 
with a straight flue-dust. 
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L. D. Ricketts. — This point is well taken. In the treatment of con- 
verter gas at Miami, according to careful tests, we have very little copper 
escaping. The gas is hot, the solid particles contain a high percentage of 
copper and are practically all precipitated, yet the fume is dense white 
and practically all of the lead and zinc escapes. I wish to call attention, 
however, to the fact that the cooling of gases by admission of steam may 
be done satisfactorily so long as there is any zinc or lead oxide in the 
fume, but unless this is the case, free sulfuric acid will unite with the 
moisture to form a dilute solution which will destroy any iron work with 
which it comes in contact. At the Miami smelter we had to close down 
on account of a strike. It is probable that our steel stack discharging 
the reverberatory fumes had an internal coating of dust which was pasty 
with concentrated sulfuric acid, and that when the close-down came this 
acid absorbed moisture. In any event, it practically destroyed a portion 
of the stack. 

E. R. Wolcott,* Los Angeles, Cal. (written discussionf). — When 
the deposit of dust or fume produced by electrostatic precipitation is 
non-conducting, the electrical charge is retained by the deposited parti- 
cles. If the dielectric constant of these particles be large, the accumulated 
charge may attain a considerable potential.. In extreme cases this has 
been found to be of sufficient magnitude to produce ionization of the gases 
surrounding the deposits, an effect which is of course detrimental to 
satisfactory precipitation of the. dust and fume. This ^^back ionization 
has been photographed and reprints will appear shortly in the Physical 
Review, “Back ionization” is recognized by the fact that the voltage 
that can be maintained is lowered, sometimes as much as 50 per cent, 
of that which can be maintained with clean electrodes. This may be 
explained by considering that the “back ionization” increases the con- 
ductivity of the gases immediately surrounding the deposit, which is 
equivalent to moving the collecting electrode nearer to the discharge 
electrode, thus requiring less voltage to produce an arc. 

Any means for making the deposits conducting, such as the addition 
of water, prevents this “lowering of the arcing voltage.” 

Linn Bradley,^ New York, N. Y. (written discussion§). — In reading 
Mr. Eschholz’ paper on certain types of electrical equipment for the 
Cottrell process, it might be valuable to consider just what real differences 
there are between a separate motor-generator set and a synchronous- 
motor set. When it is seen that the difference is slight, the question 
arises as to whether the results may not depend upon other features than 

* Western Precipitation Co. 

t Received Sept. 1, 1918. 
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those brought out in the paper. In both types the precipitators are 
the same, the transformers and rectifiers are the same and, for good prac- 
tice, the non-inductive resistance should be approximately the same. 

The main differences are that in one case the alternating-current 
generator is in the precipitator power-house and the rectifier is driven 
by means of a mechanical coupling, while in the other case the alternating- 
current generator is in some remote power-house and the rectifier, for 
convenience, is driven by a synchronous motor which is merely a sub- 
stitute for the mechanical coupling. In the former case, the voltage 
impressed upon the transformer may be varied both by action upon the 
generator field and by non-inductive resistance between the alternator 
and the transformer. In the latter case, voltage regulation is limited 
to one method, except for transformer taps, in usual practice, but experi- 
ence has demonstrated that such regulation is indeed very effective and 
should be employed to some extent in either case. 

Now if there is but slight difference in the regulating means, the dif- 
erence in the size and characteristics of the alternators should receive 
more attention. It would seem that the large-sized and well designed 
alternator would be preferable as a source of the alternating current, 
and direct comparisons confirm this assumption. Of course, in order 
to get good results, the voltage delivered to the transformer should be 
steady, and if local conditions do not give steady voltage, due to inter- 
mittent operation of large motors on inadequate power circuits, it is nec- 
essary to correct the fault or else resort to motor-generator sets. 

The facts that the precipitator load is not continuous, and that the load 
current is unusual, due to the laws of corona discharge, should be con- 
sidered in designing a generator, since the rate of current flow at peak 
voltage is not the same as when other loads are employed. This accounts 
for the poor waveshape from an undersized or poorly designed alternator. 

R. B. Rathbun,* Salt Lake City, Utah (written discussionf) — 
While the engineer should carefully weigh the merits of the various 
types of equipment, he must bear in mind that the object of his plant is 
the recovery of suspended solids, and a thing is unimportant except as 
it contributes to this end, other engineering principles being duly con- 
sidered. The controversy regarding the use of synchronous motor- 
driven rectifiers by which the power for the treater is taken directly 
from the mains of the local power system, rather than the motor-generator 
rectifier giving each treater unit its own isolated electrical system, has 
led many to think that on the type of rectifier depends the success of 
the plant. It is in fact a relatively unimportant part of the plant and 


♦ Assistant Research Engineer, American Smelting & Refining Co. 
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represents a very small fraction of the investment; the recoveries in dust 
and fume are practically the same in each case. One large smelting 
concern has adopted the motor-generator type for all of its plants after 
years of experience with the synchronous-motor type. Its reasons 
are practically the same as those set down by Mr. Eschholz for his 
preference. Given more in detail they are: 

1. An independent electric system prevents outside power-line 
conditions, like voltage fluctuations, from interfering with the operation 
of the Cottrell plant and eliminates the possibility of the Cottrell plant 
causing trouble for the power company. The latter, while not very 
probable, must be considered, for it is sometimes difficult to convince 
the transmission engineer that the make and break of the synchronous 
switch, which is the rectifier, does not introduce destructive voltage 
transients into his system like the well known phenomena attending 
high-tension switching. It is not surprising that the power company 
hesitates to take any chances for the small amount of load acquired. 

2. An isolated electric system for each treater prevents the possibility 
of any disturbance in one treater being communicated to the other 
treaters through the transformers and rectifiers. 

3. By means of the generator-field and the exciter-field regulations, 
the treater potential may be maintained very close to the critical dis- 
ruptive value. This is considered essential for good work and can only 
be equaled when using a synchronous-motor type method by the use of 
an induction regulator with remote electric control, which is more compli- 
cated than a simple rheostat control in the generator field. 

4. The motor generator is free from all the drawbacks to which the 
synchronous motor is subject, such as falling out of step and hunting. 

Against these things is urged a slightly smaller first cost and approxi- 
mately 86 per cent, power efficiency, as compared with about a 76 per 
cent, efficiency of the motor-generator set. In addition, if the synchro- 
nous-motor method is used, the large power system will tend to absorb 
the surges while the small generator circuit will tend to reflect and 
magnify any wave distortions that may be present. But if there are 
no wave irregularities, this function of a large power system is not neces- 
sary. Oscillograms taken on a large motor-generator Cottrell plant in 
Utah showed the treater and transformer circuits to be remarkably free 
from these surges. In this case, however, the generator wave was a true 
sine without any irregularities. Oscillograms taken on a large plant 
at Coram, Cal., where synchronous-motor rectifiers and induction regula- 
tors were used, showed that steep wave fronts and surges were present to 
a marked degree in spite of the absorbing qualities of a large power system. 
Oscillograms taken on three plants recently constructed, where motor 
generators were used, showed that under certain conditions of the load 
voltage transients in the high-tension side of the transformer circuit 
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became troublesome. In these plants the voltage wave was not a true 
sine, a number of small peaks or harmonics being apparent in the wave. 
The small peak that occurs just at the point of breaking contact is seen 
in the oscillogram to be manifest in the wave on the high side of the trans- 
former greatly magnified, due to the steep wave front in the primary 
wave. From the foregoing it is a fair assumption that if the voltage 
wave of the generator is a true sine with no steep wave fronts there is 
no disadvantage due to surges in motor-generator rectifiers. This 
method, then, should not be condemned on account of a defect in a 
particular type of generator used. It seems better to correct the defect 
in the generator, although this defect has not proved as detrimental as 
might be supposed, for in every case known to the writer this surge, which 
makes itself manifest by arcing across a protective spark gap placed across 
the high-potential terminals of the transformer, decreases so as to be negli- 
gible as soon as the gas is in a state permitting good precipitation with 
either method. There are electrical remedies that often prove beneficial, 
such as absorbing this oscillating energy by inserting ballast resistance in 
the primary and secondary circuits or by shunting condensers across the 
primary circuit. Sometimes the inductive reactance of the circuit may 
be changed to advantage; and, too, the critical frequency of the system 
may be changed by changing the rectifier to contact to only one alterna- 
tion per cycle without any loss in precipitation in the treater. 

The disturbance manifest in the high-potential transformer circuit 
should not be confused with the treater surges that are manifest in 
sparking across between electrodes, although the latter often set up 
oscillations that cause surges in the former. The treater surges are 
said to have their origin in the trailing arc of the rectifier. At any 
rate, they are especially prevalent if the time of rectifier contact is 
carried into the neutral part of the wave. A very common cause is the 
deposition of a dry dust coating on the surface of the passive electrode. 
The sparks that jump across have all the characteristics of a condenser 
discharge and it is undoubtedly a case of disrupted dielectric due to 
being overcharged. It disappears as soon as the dielectric strength of 
the coating is destroyed. 

A matter of considerable importance is that of conditioning the 
dust particle to assimfiate a charge. This is usually done by introduc- 
ing water into the gas by means of sprays. This does not necessarOy 
increase the conductivity of the treater circuit in the usual sense for, 
at a number of plants, when water is introduced into a dry gas below the 
boiling point of water, the treater current is greatly reduced, with a 
corresponding increase in the treater potential and a much improved pre- 
cipitation. This is especially noticed as the relative humidity of the 
gas is increased through the range of 30 to 50 per cent. It 
appears that a conductive coating has been imparted to the dust particle, 
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putting it in a condition to receive a charge, for previous to the admission 
of water the dust particles pass through the strong electric field of the 
treater unaffected, although the molecules of the gas are highly ionized. 
It would be interesting to know if the ionization that is known to accom- 
pany water spray enters in and if the agglomeration of the dust particles 
assists the precipitation. 

The discussion of the paper has seemed to establish the fact that 
the mere presence of the water vapor is necessary without determining 
a reason. The theory of water being taken up by the particle was 
set aside on the assumption or statement that no more water was precipi- 
tated with the dust after the gas had been humidified than before. 
The writer does not concur in this assumption, for in his experience the 
dust precipitated becomes damper with increased relative humidity of 
the gas, until it becomes a mud above 70 or 80 per cent, relative 
humidity, in some cases. Some of this water may have been due to the 
fact that the passive electrode was cooler than the gas, making a super- 
saturated stratum adjacent to it, but in a number of cases the temperature 
of this electrode was such that no water could be condensed on it except 
by surface adsorption. In the very nature of things the dust particle 
must take up water from the aqueous vapor. By the well-known select- 
tive adsorption theory, aqueous vapor is known to be taken up by the 
surface of solids in preference to other gases, such as nitrogen and oxygen, 
and it is also well known that films of adsorbed moisture persist on the 
surface of solids at temperatures far above the boiling point. It is 
only necessary to cite the early work of Bunsen in his effort to remove 
the last traces of moisture from powdered glass or the exterior of glass 
tubes. 

In regard to the theory of back ionization that has been advanced 
in the discussion, it is understood, by the writer, that if a dry dust coat 
covers the passive electrode there is a luminous glow reaching toward the 
active electrode, which results in reducing the gap in proportion to 
the length of the glow and this effect disappears as soon as the dielec- 
tric strength of the coating is destroyed by moisture. It seems that 
the glow is due to the fact that the dust particles forming the inner coat- 
ing have not been able to give up their charge to the electrodes, and cause 
an electric field in opposition to the field due to the electrodes until they 
are made conductive and can give up their charge. This is a very promis- 
ing theory and accounts for the fact that at a certain plant only 16 kv. 
can be maintained with an electrode spacing of 6 in. when the gas is dry, 
whereas a potential of 25 kv. or over can be maintained after the gas has 
been sufficiently humidified. It may also account for the automatic 
change in ratio between the transformer voltage and the voltage impressed 
on the treater when the change in the relative humidity of the gas occurs. 
It seems, however, that the phenomena of the glow can be accounted for 
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sufficiently by the theory of the overcharged gaseous dielectric of a 
condenser, advanced aboye. 

A common fallacy is the assumption that most of the dust has a tend- 
ency to migrate to the passive electrode where the electric field is 
weakest. Experiments have convinced the writer that more dust is 
collected on the passive electrode because its greater surface affords a 
larger place for the particles to lodge and, speaking in terms of unit area, 
the tendency is really to go to the active electrode where the electric 
field is strongest, in spite of the electric wind in the opposite direction. 

The writer does not share Mr. Eschholz^s enthusiasm over the inter- 
mittent contact rectifier commonly used. It has a very poor regulation 
under varying conditions of the gas in the treater and many oscillograms 
show that the treater voltage often falls to one-half its maximum value 
between impulses. The rectifier does have the advantage of ruggedness 
and comparatively low first cost. 

For the betterment of the process there is need of securing increased 
agglomeration of fume, a potential gradient best suited for ionization for 
an efficient charging of the dust particles, and a decrease in the cost of 
the treaters. 

O. H. Eschholz (author's reply to discussion*). — On reviewing the 
discussion it is apparent that the subject of power source has received 
the most consideration. When referring to the favored systems I 
clearly implied that the characteristics of separate generators for each 
treater (system A-1) had been commercially demonstrated for large as 
well as small installations. In view of the fact that a number of uncon- 
trolled variables still exist in the applications of this process, it is with 
considerable relief that the precipitation engineer recognizes the advan- 
tageous operating characteristics of this system. 

The operation of system B (power direct from industrial mains) 
has been demonstrated commercially on small treater installations only. 
This system has the manifest advantages cited in the paper and discussions. 
On large installations treating, let us say, 250,000 cu. ft. per min. or more, 
its commercial operation is still a matter of conjecture for the reasons 
given. The discussions of Messrs. Fischer, Rathbun, and Rosenblatt 
appear to support this conclusion. It is possible, as Mr. Fischer states, 
to obtain voltage control by changing the transformer primary taps. 
However, it has been my experience that, where frequent changes in volt- 
age are necessary, operators distinctly prefer a rheostatic control because 
of the greater ease and rapidity of manipulation. 

At the close of his very interesting discussion, Mr. Rathbun observed 
that ''many oscillograms show that the treater voltage often falls to one- 
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half its maximum value between impulses.’^ It is my opinion that where 
this is the case the voltage drop is due to excessive leakage, the most 
frequent cause of which is probably the ‘‘back ionization’^ discussed at 
length by E. R. Wolcott in the October, 1918, issue of the Physical 
Review, 

The following figure illustrates the treater-voltage characteristics 
with the treater in good operating condition (slight leakage) before and 
after disconnecting the rectifier. Before opening the circuit the voltage 
wave is quite smooth, due to the fact that the treater chambers function 
as condensers and the leakage between the interval of rectifier arcs is 
slight. On disconnecting the rectifier, a typical condenser type of dis- 
charge is obtained through the resistance connected in series with the 
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oscillograph element, the time required for the voltage to drop to one- 
half of its maximum value being equal to approximately twenty times 
that of the interval between rectifier arcs. 

In Mr. Rosenblatt’s discussion of surges in the low-voltage circuit, 
a number of methods for absorbing the oscillating energy are mentioned. 
So far as I am aware, treater operators have completely overlooked the 
possibilities in the use of such apparatus. During a test made last 
summer, on my suggestion, a selective resistor, consisting of a coil of 
insulated cable wound on a solid iron core, when inserted in series with the 
primary circuit served to reduce circuit oscillations, increase the smooth- 
ness of the treater voltage, and reduce the rectifier noise owing to the 
fact that on the passage of high-frequency current the eddy-current 
loss in the iron increased, the apparatus functioning thereby as an equiva- 
lent resistor, the resistance of which increased with the current fre- 
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quency. It is anticipated that a still further improvement in operation 
may be secured by the use of a synchronous resistor. This consists 
simply of a resistance that may be inserted periodically in series with the 
primary circuit through the use of contacts and slip rings attached to 
the rectifier, the contact period being adjusted so that the resistance 
is placed in series with the primary circuit only during the interval 
between the breaking of the arc tail and the subsequent formation of the 
arc. It is my opinion that the conflicting experience encountered in the 
use of either supply system is almost entirely due to the surges 
in the low-tension circuit, and their satisfactory elimination will only be 
secured with the adoption of some rugged and economical means for 
absorbing the oscillating energy. 
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Introduction 

The study of the condensation of zinc from its vapor was under- 
taken to shed light on certain problems encountered in large-scale 
electric zinc-furnace work recently conducted. It is a matter of com- 
mon knowledge that one of the disadvantages of the arc type, electric 
zinc furnace, is the production of a large amount of blue powder and 
proportionately little liquid spelter, for, as stated by Stansfield,^ 
notable defect in the electric smelting of zinc ores is the difficulty ex- 
perienced in obtaining the distilled zinc in the liquid state; 

when zinc ores are smelted electrically, very little liquid metal is com- 
monly obtained, nearly all of the zinc being in the state of powder. 

This difficulty was not encountered in the electric furnace used,^ 
the main difficulty being the destruction of the fire-brick lining of the 
large condenser, in certain parts, and the formation .of some oxide and 
dross coatings on *the condensing surfaces. The reason for these diffi- 
culties could readily be explained by the infiltration of air whenever 
the condenser was changed from one retort base to the other, the zinc 
absorbed in the fire-brick forming oxide and causing rupture by its ex- 
panding volume. Two facts, however, tended to disprove this theory 
for the rupture of the fire-brick lining: first, the large distilling retort, 
lined with fire-brick, which was shifted from charge to charge on alternate 
bases at temperatures between 1200® and 1300° C., fully exposed to the 
air, showed no signs of disintegration whatever; second, marked disinte- 
gration in the condenser occurred only in places that were at tempera- 


* Professor of Metallurgy, Case School of Applied Science. 

^ A. Stansfield: “The Electric Furnace,” Ed. 2, 325. N. Y., McGraw-Hill 
Book Co., 1914. 

* U. S. Patent Office Official Gazette (1917) 234 , 1068; 242 , 316, 318. 1,213,180; 
1,242,337; and 1,242,341. 
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tures ranging between 550° and 450° C. The fire-brick used in the con- 
densers was a Mexico, Mo., brick of excellent grade, but containing 
numerous “iron spots.’^ An examination of ruined brick and tile showed 
that these iron spots had been filled with fine sooty carbon, and that rup- 
ture was due to the increase of volume due to this deposition. This 
is a comparatively rare, but well-known phenomenon in the iron blast- 
furnace, and is clearly described by Frank Firmstone.^ 

The action is due to the breaking up of carbon monoxide into carbon 
dioxide and carbon at the temperature at which this reaction is most 
active (600-450° C.), in the presence of the catalytic agent iron (reduced 
from the iron oxide by the CO). 

This discovery introduced a new problem into the condensation of 
zinc vapor in large condensers: Is enough carbon dioxide formed by the 
breaking down of carbon monoxide to interfere seriously with condensa- 
tion? While practically no blue powder had been formed^ in the ex- 
periments, it was thought that the dross and rock oxide might be due to 
the carbon dioxide; although the infiltration of air was suiEcient to ex- 
plain their presence, nevertheless the CO 2 might be responsible for it in 
the absence of oxygen. In the circumstances, analyses of gas taken at 
the exit of the condenser were considered of no particular value, since, if 
the CO 2 acted on the metallic zinc vapor to reoxidize it, more CO would 
be formed, and the fact that there had been a decomposition of CO 
could not be detected. That the decomposition of CO has an effect 
on the condensation of zinc has been suggested by Stansfield.'^ 

A search of the literature bearing on condensation revealed practi- 
cally no facts, nearly all of it being speculative. Data on the compo- 
sition of gases arising from the distillation ,of zinc ore are practically 
limited to those given by Ingalls,^ which are also stated by R. G. Max 
Liebig.® No record could be found for the equilibrium conditions of 
the reaction 

Zn + C 02 ^ZnO + CO 

except general statements, which are referred to later (p. 293). 

Distillation Products from Reduction of Zinc Ore 
Method of Investigation 

Experiments were conducted under rigorous conditions to determine 
the composition of the gas and the condition of the condensed zinc 

siTFirmstoneTAn^feM^ Alteration of Fire-brick by Furnace Gases. 

Trans. (1903) 34 , 427. 

5 ^. R. Ingalls: '‘The Metallurgy of Zinc and Cadmium,” 204. N. Y., Engineer- 

. ‘lirunTcSTj: „Sr. 0..— . E,... und N.benp™i«lh„ m 

Leipzig, Spamer, 1913. 
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from the distillation of zinc ore. For this purpose porcelain and quartz 
tubes were used, having been demonstrated to be tight and refractory 
enough for the temperatures employed. Zinc at high temperatures 
has great affinity for oxygen, removing traces of oxygen from gases, just 
as copper does. For this reason it was necessary to insure that oxygen 


T.C. T.C. 



Fig. 1. — Apparatus for investigating products from distillation of zinc ore. 


was excluded from the system if the relation between the condition of 
the zinc and the normal gas composition was to be judged. The arrange- 
ment of the experimental apparatus is shown in Figs. 1 and 2. The re- 
tort part of the tube was heated in a horizontal, granular-resistance, 
tube furnace similar in design to the vertical tube furnace used by the 
author in previous work.*^ The condenser part of the tube was heated, 



Fig. 2. — Detail of gas discharge from condenser when using Orsat 

apparatus. 

when desired, by a gas-fired combustion furnace. The charge for dis- 
tillation was in the form of briquets,® made of 100 parts Missouri cala- 
mine ore, 80 parts of crushed coke, and 20 parts of hard coal-tar pitch. 
These briquets were approximately 1 in. (25.4 mm.) in diameter and 1% 
in. (44.4 mm.) long and were quartered longitudinally to fit inside the 
tube. They had previously been baked at a temperature of about 500° C., 
to drive out the most readily volatile constituents, and contained 18.5 

7C. H. Fulton: Constitution and Melting Points of a Series of Copper Slags. 
Trans. (1912), 44 , 769. 

8 U. S. Patent Office Official Gazette (1916) 229 , 342. No. 1,193,680. 
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per cent. zinc. The ore contained 39.5 per cent, zinc, 35 per cent, 
insoluble matter, considerable water, and some carbon dioxide. In 
composition the briquets were the same as those used in the large electric 
furnace at East St. Louis, 111., and do not differ from the charge of the 
common zinc retort. The gases from the distillation of this material 
should resemble zinc-retort gas after the charge has been thoroughly 
dried and heated to about 500° C. 

Oxygen was excluded by the following procedure: the system was 
thoroughly tested to insure tightness at the temperature used, the quar- 
tered briquets were then introduced into the tube, the system closed, 
and commercial nitrogen (purified by passage through water, pyrogallic 
solution, cone, sulfuric acid, and calcium chloride) was passed till all 
air was considered displaced (usually about 5000 c.c.). The furnace 
was then heated, and, when the gas flow from the distillation was free 
and it was thought that the nitrogen was displaced, gas samples were 
taken and analyzed. The sample was taken by inserting the exit tube 
X, Fig. 1, which was drawn to a small opening, directly into the water- 
filled rubber connection of the gas burette. Gas analysis was made with 
the gas burette and Hempel pipettes, great care being taken in regard 
to temperature conditions, drainage, and connections. It was not con- 
sidered necessary to employ the exact methods of analysis, using mercury. 
In some of the experiments an Orsat apparatus was used, directly con- 
nected to the exit tube by means of a two-way cock, as shown in Fig. 2. 

Approximately 30 gm. of briquet material were used in each experi- 
ment, yielding about 3000 c.c. of gas. When the gas flow ceased, the 
furnace was cooled, nitrogen being passed meanwhile. In later work 
it was found that when nitrogen, or other gas, was passed through 
pyrogallic solution, or through both pyrogallic and phosphorus, traces 
of oxygen remained, which acted on zinc at a temperature between 
500° and 700° C. In the above experiments, any traces of oxygen 
would perhaps be taken up by the carbon of the briquets, but the very 
slight coatings found on some zinc globules may have been due to this 
small amount of oxygen; in experiments, described later, conducted 
in apparatus made entirely of graphite, but not tight against air, some of 
the zinc was decidedly coated. It is evident from the equilibrium con- 
ditions of the reaction 

Zn + CO 2 ZnO + CO, 

in the presimce of carbon, that, when the temperature will permit 
the formation of dioxide from carbon and oxygen, zinc oxide may form 

simultaneously. , -n • 

Table 1 gives the composition of the gases from the distillation of 

the zinc-ore briquets, under the conditions above described. In all 
of the experiments using nitrogen as the displacing gas (No. 7 to 16 
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Table 1. — Products from Distillation of Zinc Ore 


Num- 

ber 

Stage 

of 

Distillation 

Purification 

Gas Composition 

Remarks and Notes 

Displacing 

Gas 

CO 2 

CO 

O 2 

CH 4 

H 2 

N 2 









39-in. porcelain tube of which 16 
in. was heated as a condenser. 
Zinc mirror bright. 

7a 

Beginning 

Cone. H 2 SO 4 
CaCh 

0.65 

83.7 

Tr. 

14.9 

8a 

Beginning 

Cone. H 2 SO 4 
CaCh 
Pyrogallic 

1.10 

78.2 

2.2 

18.6 

39-in. porcelain tube of which 16 
in was heated as a condenser. 
Zinc mirror bright. 

8b 

End 

Cone. H 2 SO 4 
CaCl 2 
Pyrogallic 

2.5 

79.2 

1.3 

2.2 

6.2 

8.4 

11a 

Very begin- 
ning, 950°C. 

Cone. H 2 SO 4 
CaCli 
Pyrogallic 

13.8 

40.4 

0 0 

4 0 

27 3 

14 5 


lib 

Middle, 

1150“ 

Cone. H 2 SO 4 
CaCh 
Pyrogallic 

0.0 

00 

0.0 

2 1 

13.7 

6 1 

^-in. porcelain tube, 21 in long 
-j- 29 in. of M-in. glass tube 
not heated. Zinc mostly bright 

11c 

End. Temp 
very high, 
1490“ 

Cone. H 2 SO 4 
CaClt 
Pyrogallic 

2.2 

92.9 

0 0 

0.7 

1.8 

2.4 


12a 

Beginning, 

1000“ 

Cone H 2 SO 4 
CaCh Pyro- 
gallic renewed 

0.8 

70 8 

3.5? 

1 0 

7 0 16 5 

39-in. porcelain tube, no part 
heated as condenser. Zinc 
bright; few globules coated. 

12b 

1300“ 

Cone. H 2 SO 4 
CaCh Pyro- 
j gallic renewed 

0.95 

81.4 

0 0 

1 3 

7 6 

8 9 

12c 

End, 1500“ 

Cone H 2 SO 4 
CaCh Pyro- 
gallic renewed 

6.6 

59 0 

0 0 

0 0 

0.0 

34 5 

Gas flow very slow at end 

16a 

Beginning, 

1050“ 

Cone. H 2 SO 4 
CaCh 

Fresh pyro- 
gallic 

0 65 

61.6 

0 0 

1 

10 3110 0 

i 

17.3 

f^-in. quartz tube 24 in. long. 
Zinc bright, some with refrac- 
tion color film. 

16b 

Middle 

1 

Cone. H 2 SO 4 
CaCh 

Fresh pyro- 
galUc 

0.65 

79.5 

00 

8.5 

61 

5 3 

Gas flow free 

1 

18a 

Beginning 

Cone. H 2 SO 4 , 
H 2 O, pyro- 
gallic, CaCl 2 

1.30, 

77.6 

0.0 

1 

! 

4.3 

15.1 

4 4 

^-in. quartz tube 24 in. long. 

18b : 

End.' Temp- 
erature high 

Cone. H 2 SO 4 , 
H 2 O, pyro- 
gallic, CaCh 

0 30 

71.7 

0.0 

4 9 

14.3 

8.8 

No condenser. Coated zinc. 

19 

Middle 

Cone. H 2 SO 4 , 
H 2 O, pyro- i 
gallic, CaCh j 

0 0 1 

70.3 

0.0 

3 3 

20.7 

5.4 

quartz tube 24 in. long. 
No condenser. Coated zinc. 


Notes. — The displacing gas was commercial nitrogen in testa No. 7 to 16, inch; and hydrogen in 
tests No. 18 and 19. For analysis of the gas, the burette and Hempel pipettes were usee in tests No. 
7 to 12, ittcl.: and the direct-connected Orsat apparatus in testa No. 16 to 19, incl. 
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incl.) the zinc was essentially mirror bright, a slightly coated globule 
sometimes being found. In the experiments in which hydrogen was the 
displacing gas (No. 18 and 19), the zinc was coated with the character- 
istic gray coat, and in some cases zinc oxide crystals were found. 

Nitrogen 

In the experiments with nitrogen as the displacing gas (No. 7 to 
16, inch), it will be noted that the distillation products contain appreciable 
percentages of nitrogen. The quantity is too great to be attributed to 
nitrogen left in the tube, since practically all of this should be displaced 
by the gas stream from the distillation. To make certain of this point, 
hydrogen (made from zinc and dilute sulfuric acid and purified as in- 
dicated in Table 1) was used as the displacing gas. The distilled gases 
still contained nitrogen in quantity; hence it must be concluded that 
nitrogen is a normal gas product of zinc distillation. This is also true 
of hydrogen, although R. G. Max Liebig,® ascribes both of these gases 
to diffusion into the retort from the combustion chamber. That diffu- 
sion into the retort occurs is unquestionable, as will be shown later; 
but in the present investigation it seems certain that this possibility 
was excluded. 

In the distillation of coal and the manufacture of coke in byproduct 
ovens, nitrogen is recognized as a normal constituent of the resultant gas. 
O. Simmersbach^® has shown that the gas coming from Kopper^s ovens 
at the end of the coking period, at a temperature of about 1100° C., 
contains 15 to 17 per cent, nitrogen, and 60 to 70 per cent, hydrogen, 
the nitrogen being higher at the end of the coking period than at any other 
time. Coke always contains nitrogen, as high as 1.84 per cent, being 
found in English coke.^^ This nitrogen is not expelled completely except 
at very high temperatures. In experiment 12c, at the very end of the 
distillation, at a temperature of about 1500° C., the nitrogen was found 
to be high. This sample was carefully taken when the gas flow had be- 
come very slow, and represents the product at the very end of distillation, 
or even after distillation was complete. The high nitrogen is not to be ex- 
plained by the supposition that more nitrogen is given off at this time, but 
rather by the fact that practically no other gases are being evolved, 
nitrogen being the last gas to be given off. In discussing the presence 
of nitrogen in the distillation gases, it must be borne in mind that hard 
coal-tar pitch was used as the binder for the briquets. Since the briquets 


^ up. Cll. U^LOJ. , t - * 1 

10 O Simmersbach: Untersuchungen uber die Temperaturverhaltnisse an Kok- 

sofen. ' Stahl and Eisen (June 14, 1914) 34, 954; quoted by F. H. Wagner: “Coal 
and Coke,” 334. N. Y., McGraw-Hill Book Co.. 1916. 

H. O. Hofman, “ General Metallurgy,” 235, quoting authorities. N.Y., McGraw- 

Hill Book Co., 1913. 
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were baked at a temperature of about 500° C. before distillation, this 
pitch was converted into a coke, but still contained some heavy hydro- 
carbons, which break down on further heating. Pitch contains somewhat 
less nitrogen than coke. It is evident that the remarks on nitrogen also 
apply to the distillation process when coal is employed as the reducing 
agent. 

Hydrogen and Hydrocarbons 

The reduction of zinc oxide by hydrogen according to the reaction 
ZnO -f- H 2 ^ Zn -|- H 2 O 

undoubtedly takes place at a markedly lower temperature than the re- 
duction by carbon, and in this experiment reduction by the hydrogen 
began before the gas flow due to the carbon reaction became pronounced. 
In the hydrogen reduction, equilibrium conditions demand increasing 
concentration of hydrogen with increasing temperature; hence as the 
hydrogen supply decreased, since it was cut off when the furnace was 
heated, the reaction reversed itself, with the formation of zinc oxide. At 
the end of the experiment, water was found in the cooler portions of the 
tube. The action of hydrogen on zinc oxide was investigated by Percy^^ 
and Deville,^^ both of whom found that to reduce zinc oxide by hydrogen 
it is necessary to have a rapidly moving stream of hydrogen; that is, 
the water produced by the reaction must be removed and not allowed to 
attain any appreciable concentration, if reoxidation is to be avoided. 

The presence of methane and hydrogen in distillation gases is well 
known. When coal is used as the reducing agent, they represent the 
decomposition products of hydrocarbons. This is also true when coke 
and pitch are used, although the amount of hydrocarbons in the reduction 
material is much smaller. The two gases are most abundant at the be- 
ginning of the distillation, and disappear toward the end. In the experi- 
ments described, the briquet material occupied a considerable length of 
the heated tube, and, as all of it was not at the same temperature simulta- 
neously, methane and hydrogen were evolved from the cooler ends of 
the tube even toward the close of the distillation period. This feature 
may be likened to the condition in the common retort, in which the charge 
is gradually heated from the outside. 

In view of the action of hydrogen in the reduction of zinc oxide, the 
question arises as to the effect, on the zinc, of the hydrogen normally present 
in distillation gases. This hydrogen is evolved from the charge in the 
presence of a large excess of carbon, and if any water does form from the 
reduction of zinc oxide by hydrogen, it is immediately reduced again to 


John Percy: ^‘Metallurgy,"’ 535. London, John Murray, 1861. 

H. Sainte-Claire Deville: Note sur la Reduction de TOxyde de Zinc et des Alcalis. 
Annales de Chimie et de Phyeique^ Ser. 3 (1855) 43 , 479. 
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hydrogen, by the carbon, with the formation of CO, CO 2 , or both, de- 
pending on the temperature. According to a summary by Roscoe and 
Schorlemmer,^^ at temperatures of about 1000° C., the reaction between 
carbon and water vapor produces carbon monoxide and hydrogen, with 
very little carbon dioxide. As the temperature is lowered, the production 
of carbon dioxide increases, until at 600° C. only carbon dioxide and hy- 
drogen are produced. 

The reduction of zinc from ores, by carbon, begins at temperatures 
ranging from 900° to 980° C., depending on the kind of ore. These 
figures were obtained by the author some time ago and represent the tem- 
peratures at which zinc first becomes visible in the ignited distillation 
gases from small vertical graphite retorts, heated uniformly to the gas 
exit in an electric tube furnace. The exact figures were: Mascot, Tenn., 
ore, 910°; Canon City, Colo., concentrate, 940°; roasted Joplin blende ore, 
940°; Burma, zinc-lead ore, 980°.^^ The reduction of zinc by hydrogen, 
as previously stated, occurs at a notably lower temperature, although 
no definite figures are available. 

Carbon Monoxide and Dioxide 

At the reduction temperature of zinc oxide by carbon, carbon mon- 
oxide is the normal reaction product, since, in the presence of an excess 
of carbon, at this temperature, only very small quantities of carbon 
dioxide can exist. If, however, zinc oxide is reduced by hydrogen or by 
methane, evolved from the charge at temperatures below 800° C., the 
reaction products will consist of water, carbon monoxide, and carbon 
dioxide in appreciable quantity. It is well known that carbon dioxide in 
certain concentration is highly undesirable in zinc metallurgy, and some de- 
finite figures on this subject are given later in this paper. In the author^s 
opinion, the high proportion of carbon dioxide in the distillation gases at 
the beginning is due to the above described reactions, although some of 
it comes from the reduction of iron oxides in the ore. Any zinc reduced 
by hydrogen or methane at temperatures below the carbon reaction will 
be in contact with distillation gas relatively high in carbon dioxide, and 
will suffer oxidation, with the consequent production of blue powder. 
From this standpoint, reduction coal which liberates appreciable quan- 
tities of hydrocarbons at relatively low temperatures is undesirable. Hy- 
drocarbons and hydrogen evolved after the carbon reduction tem- 
perature has been reached are not harmful. 

Sir H. E. Roscoe and C. Schorlemmer : “Treatise on Chemistry,” Ed. of 1905, 
1 , 793. Macmillan, London and New York. 

16 gee also figures by F. O. Doeltz and C. A. Graumann, Versuche fiber die Reduk- 
tion von Zinkoxyd. MetaLlurgie (1907) 4 , 290; and those quoted by W. R. Ingalls, 
“ Metallurgy of Zinc and Cadmium,” 2d ed. (1906), 198, and W. McA. Johnson, 
Engineering and Mining Journal (1904) 77 , 1045. 
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Carbon dioxide in excess of 1 per cent, is not found in the gases 
distilled above the carbon reduction temperature;* below that tempera- 
ture as high as 13.8 per cent, was found (experiment 11c, and others not 
recorded here). At the end of the distillation, the proportion increases, 
particularly when the temperature is high (above 1400*^), the monoxide 
suffering decomposition into carbon dioxide and carbon.^® This reaction 
may have an effect on the zinc when smelting in an arc electric furnace, 
in which very high local temperatures prevail. Carbon dioxide under 1 
per cent, has no effect on zinc vapor either above or within the condensa- 
tion temperature range, as is shown later in this paper. 

Oxygen 

Oxygen, except in very small quantities, is not a normal constituent 
of the distillation gases. A series of experiments was made to obtain 
information as to the accuracy of the gas apparatus used for estimating 
small quantities of oxygen in such gases as commercial nitrogen. Oxygen 
to the proportion of 0.5 per cent, and over was readily determined, but 
when testing nitrogen, after purification with pyrogallic solution or phos- 
phorus, it was difficult to obtain results which could not be accounted 
for by slight changes in temperature, absorption by the collecting water, or 
absorption of other gases by the solutions employed, although heated 
copper showed that small amounts of oxygen were still present. It is possi- 
ble that oxygen in very small quantities was present in the distillation 
gases, but this was improbable since zinc vapor has a very great affinity 
for oxygen. The oxygen recorded in samples 8a, 8b, and 12a was prob- 
ably due to defective sampling. 

Condition of Zinc 

The zinc condensation was sharply localized in the tube almost 
immediately beyond the distilling briquets. In experiments 7 and 8, 
about one-half of the tube was heated uniformly by gas burners to 620° 
to act as a condenser, but only very small amounts of zinc were found in 
it, practically all of it being condensed as a mass of globules in the roof 
of the tube and as a little lake in the bottom beneath these, all within the 
space of about 1.5 in. (38 mm.). This form of condensation is to be 
expected from the vapor-tension curve of zinc, which shows that, in a 
mixture of equal parts of zinc vapor and carbon monoxide, 87 per cent, of 
the zinc will be condensed within the temperature range of from 865° to 
750° C. 

In these experiments the heating conditions were such that, immedi- 
ately beyond the distillation space, the temperature rapidly dropped to 
between 700° and 800°, so that the zinc, for the most part, condensed 

V. Meyer and C. Langer : Pyrochemische Untersuchungen. Berichte der Deutschen 
Chemische Gesellschaft (1885) 3 , 134. 

♦See author's reply to discussion, p. 301. Ed. 
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here. The tubes were in. (11 mm.) and % in. (19 mm.) diameter; 
and the gas flow being relatively slow, about 30 c.c. per minute, the diffu- 
sion of heat into the walls permitted a sharply localized condensation of 
the zinc. The zinc globules were removed by a wire rod, but the little 
lakes of zinc adhered so firmly to the tubes that it was necessary to break 
them to examine the metal. In experiments 7 to 16 inclusive, the zinc 
was practically all mirror bright; occasionally a globule was found with a 
slight brown or grayish coat, not discernible to the eye, but plain under 
the microscope. Adhering to this coated globule were sometimes many 
small mirror-bright globules. At a certain period of the distillation the 
gas composition may have been such as to attack certain globules, or 
the coating may have been due to some substance, as cadmium sulfide 
or carbon. The coating was not the typical blue-gray coat formed when 
CO 2 or O 2 is present. Some of the globules had assumed definite crystal 
structure in solidifying. In that portion of the tube on the side where 
the displacing gas entered was sometimes found a faint yellow-white 
film which, when dissolved in dilute HCl, gave the odor of hydrogen 
sulfide, and, after oxidation with nitric acid, gave a distinct reaction 
for sulfate. This coating consists probably of a mixture of zinc oxide 
and cadmium sulfide; the zinc oxide was probably formed by contact 
of zinc vapor with a small proportion of oxygen remaining in the displac- 
ing gas, while the cadmium sulfide probably vaporized as such from the 
charge. According to Olsen, cadmium sulfide sublimes at 980° C. 
In experiment 11, a small amount of zinc frost was found; it consisted of 
bright feathery interlaced crystals of zinc, and evidently had passed 
directly to the solid state from the vapor. It was not coated. In son e 
of the experiments, on opening the tube the odor of hydrocyanic acid wls 
distinctly noticeable. 

Conclusions from Preceding Experiments 

When a charge of zinc ore and reducing agent, consisting of coke and 
the coked residue of hard coal-tar pitch, is submitted to the distillation 
process in a tight system free from oxygen, the zinc is distilled from the 
charge and then condensed into bright metal with the presence, only 
occasionally, of a foreign material which might interfere with coalescence; 
this is probably a sulfide, and carbon, but it occurs in such small amounts 
as to be technically negligible. Under proper temperature conditions the 
condensation is sharply localized, and no so-called blue powder is formed. 

The gases consist of carbon monoxide, carbon dioxide, methane, 
hydrogen, and nitrogen. The carbon dioxide is highest at the beginning, 
but rapidly decreases to below 1 per cent.; toward the end of the distilla- 
tion, methane and hydrogen disappe ar, and carbon monoxide increases un- 

Van Nostrand^s Chemical Annual (1918), 147. 
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til it composes by far the greater part of the gas. Nitrogen is persistently 
present in considerable quantity. Carbon monoxide suffers no appre- 
ciable decomposition into carbon dioxide and carbon in passing through 
the condenser when heated to between 500° and 700° C. This point is 
again referred to in this paper. 

Preliminary Investigations 

The experiments recorded above, and the development of the ap- 
paratus in which they were carried out, were preceded by considerable 
preliminary work which revealed the fact that experimental investi- 
gation of zinc at high temperature presents difficulties, in that zinc has 
a very great affinity for oxygen and other oxidizing gases, even in minute 
quantities, and that if reliable results are to be obtained these must 
be excluded. An air-tight apparatus is therefore essential. Before 
this was achieved, some interesting results were obtained with appara- 
tus that was supposed to be tight, but was found not to be so at 
the temperatures used. 


Reduction in Carbon Tube 

Since excess of carbon is normal in the usual distillation process, 
it was natural to try a hard carbon tube as the retort in an electric fur- 
nace. A hard, dense carbon tube, J/g (22 mm.) diameter with 3^^-in. 
(3-mm.) walls, tight against pressure by blowing, and showing no escape 
of gas bubbles under water, was used. Other conditions of the experi- 
ment, the displacing gas, its purification, and the sampling, were the 
same as those described in Table 1. A hard glass tube, 3^ in. (12.7 mm.) 
diameter and 36 in. (91.4 cm.) long, heated to 700° to 500° C. along its 
length, was used as condenser. The zinc obtained from these experiments 
was found partly in the carbon and partly in the condenser tube, being 
rather widely disseminated. It was heavily gray-coated, even in the 
carbon tube, although it had run together quite well. Zinc dust and some 
oxide were found in the condenser, and zinc dust was carried into the 
water bottle. The gas had the following composition, in percentage by 
volume: 


Number 

CO 2 

CO 

O 2 

CHi 

H 2 

N 2 

1 

0.81 

58.3 

0 

5.0 

1.3 

34.6 

2 

0.9 

51.1 



48.0 


3 

3.0 

58.4 


5.5 

j 2.4 i 

30.6 


The system was practically tight, and during the passage of the displac- 
ing gas gave np evidence of leaks. At the end of the experiment, the 
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tube was found to be slightly porous when subjected to considerable 
pressure. The results are therefore explained by the diffusion of air 
into the tube, as is evident from the high nitrogen contents. During 
the experiment the interior of the tube was under a pressure of about 
4 in. of water. It is interesting to note that zinc was oxidized simulta- 
neously with carbon, by the infiltrated oxygen. 

Reduction in Graphite Retort 

In order to work with larger quantities of briquet material, a graphite 
retort was constructed of Acheson graphite, to the design and dimensions 
shown in Fig. 3. The apparatus included the retort R; the condenser 
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Fig. 3. — Gkaphite retort and condenser. 


C ; and the prolong P. The condenser was fitted to the retort by a screw- 
cone joint made tight with stove cement, and the prolong was attached 
to the condenser by a tight cone joint. The condenser and retort were 
heavily coated with Johns-Manville high-temperature cement. A 
glass tube was cemented into the prolong, and the distillation gases 
were passed through water. The apparatus was heated to the distil- 
lation temperature in a large muffle. The gas flow was fast and free 
during most of the distillation, escaping against a head of 5 in. (12.7 cm.) 
of water. The sample was taken by inserting the discharge tube directly 
into the rubber connection of the gas burette. 

The charge consisted of 334 gm. of briquets, which, after distillation, 
weighed 221 gm., a loss of 33.8 per cent, indicating complete distillation, 
from long experience with this type of material. The amount of zinc 
recovered was 23 gm., the loss being 38.8 gm. ; this was not lost with the 
gases, for practically none was evident here, but must have been due 
to absorption and diffusion. The gas composition was as follows, in 
percentage by volume: 


Number 

Temp, °C. 1 

CO2 

O2 

CO 

CH4 

Ha 

Na 

1 

1200 

0.7 

0.0 

35 6 

0.0 

0.0 

63.7 

2 

1300 ! 

1.4 

0.0 

72.5 


26.1 


3 

1350 : 

1 

0.0 

0 0 1 

^ 52.6 

0.0 1 

0.0 I 

f 47.5 
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The temperatures were thken by a Pt-Rh thermocouple on the out- 
side wall of the retort at the middle, the retort being uniformly heated 
throughout its length. The absence of hydrogen and methane is ex- 
plained by the fact that the gas samples represent the latter part of 
the distillation and these gases had been expelled. 

Experiment with Blue-powder Briquets 

Another experiment, in the same apparatus, using briquets made 
from coke, coal-tar pitch, and high-grade blue powder, gave interesting 
results. Briquet's of this composition should yield very little gas, since 
there is practically no reduction, and zinc vapor is the only product of 
the distillation. There was a constant flow of gas from the retort 
during. the distillation, and at a temperature of about 1000° C. its com- 
position was as follows, in percentage by volume : 


Num- 

ber 

CO 2 

O 2 

CO 

CHi 

H 2 

N 2 

1 

8 6 

0 0 

28 4 

0.0 

0 0 

62.9 

2 

3.1 

0.0 

31.1 

0.0 

i 

0 0 

65.8 


This is essentially the composition of producer gas, and is explained by 
the infiltration of air into the retort, the oxygen uniting with the carbon 
of the retort. The fact that the gas flows freely from the retort is ex- 
plained by the increase in volume due to the reaction, as follows : 

2C -f- O2 “h 4N2 = 2CO -f" 4N2 

5 vols. 6 vols. 

The zinc obtained in these experiments was partly bright, but mostly 
gray coated. Considerable blue powder was found in the condenser, 
although this was heated to the proper temperature by conduction 
from the retort. The oxidation of the zinc can be explained only by the 
action of oxygen, since in most cases the carbon dioxide was not high 
enough to react with zinc, as will be shown later. 

Conclusions from Preliminary Experiments 

The results obtained with the carbon tube and the graphite appara- 
tus point to some interesting facts in distillation. At first sight, it would 
appear that such an apparatus must be tight, particularly the retort, 
which is made of dense graphite, with walls 1.375 in. thick, but experi- 
ence proved that diffusion took place freely. Further, in spite of the 
fact that the retort material was carbon, the zinc was partially oxidized 
and blue powder was formed, although the temperature conditions for 
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proper condensation to liquid zinc were maintained. This shows that 
when oxygen comes in contact with zinc vapor, even in the presence of 
carbon, at a temperature above 1000°, oxidation occurs. From the stand- 
point of good condensation of zinc, a tight distillation system is essential; 
not only must there be no openings into the system, but the material 
from which it is constructed must be proof against the powerful diffu- 
sion forces at work. It seems probable that much of the difficulty 
experienced in recovering a high percentage of liquid spelter, in the com- 
mon retort process, is due to porous retorts and condensers. That there 
is considerable gas pressure outward from the retorts and condensers 
means but little when diffusion forces are at work. 

These remarks apply with still greater force to the electric zinc 
furnace of the arc type, and it would be remarkable if such furnaces as 
have been used did not yield large percentages of blue powder. This 
subject is again referred to later in this paper. 

Equilibrium of Reaction Zn + CO 2 ^ ZnO + CO in Temperature 
Range of Condensation 

That zinc is oxidized by carbon dioxide is well known, but the author 
was unable to find definite data in the literature. The work described 
in the first part of this paper proves that the ^^normaT^ gases arising 
from distillation, and present during the condensation, containing up 
to approximately 1 per cent, or slightly more of CO 2 , have no deleterious 
effect on condensation. Under certain conditions, more CO 2 may be 
present, as in the case of early reduction by hydrogen or hydrocarbons, or 
by the decomposition of carbon monoxide. 

Zinc oxide is reduced to zinc by carbon monoxide at 600° C.^® and 
zinc is oxidized by CO 2 at red heat, with the formation of CO, this gas 
constituting over 90 per cent, of the gas issuing from the experimental 
tube. One of the methods of making CO gas, given in laboratory man- 
uals, is to pass CO 2 over heated zinc. 

A. Lencauchez^® states that at white heat ZnO is reduced to Zn by 
CO, but that as the vapor and gases of the reaction pass to the cooler 
portions of the tube, the CO 2 reoxidizes the zinc. He also states that 
blast-furnace gas containing 24 per cent. CO and 12 per cent. CO 2 readily 
reduces ZnO at white heat, but as the temperature falls to cherry red 
(which he states is equivalent to 1200° C.) the CO 2 reoxidizes the zinc 
vapor. These statements indicate that in the reaction 
ZnO + CO ^ Zn + CO 2 


Doeltz and Graumann: Ibid. 

19 A. Lencauchez: M4tallurgie du Zinc de la Condensation des Vapeurs de Zinc 
dans les Appareils Souffles. Memoires de la Societe des Ingenieurs Civils (1877), 668, 
680. 
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equilibrium requires an increasing concentration of CO 2 with increasing 
temperature, and a decreasing concentration of CO, the reducing agent, 
with increasing temperature. This is the opposite condition to that 
prevailing in the ZnOrhydrogen reaction, and most other reactions 
involving the reduction of metallic oxides by CO. In the experiments 
described below there was nothing to indicate that the nature of the ZnO- 
CO reaction differed in this respect from the ZnO-hydrogen reaction. 


Method of Investigation 

A piece of pure^® bright zinc, in a porcelain boat, was placed in a 3^^-in. 
(12.7-mm.) hard glass tube 36 in. (91.4 cm.) long, heated in a gas combus- 
tion furnace having a mica sheet immediately over that part of the tube 
containing the zinc, so that the condition of the metal could be readily 
observed during the experiment. Purified mixtures of CO and CO 2 
were passed, and the effect on the zinc was noted. The temperature was 
measured by a Pt-PtRh thermocouple, having its junction placed directly 
over the center of the zinc and touching the outside of the glass tube. 
The temperature could be held steadily at any point in a range from 500° 
to 700° C. The vapor tension of zinc is such that, within the temperature 
range adopted, zinc vapor in considerable quantity formed in the tube 
and was in contact with the stream of gas. This zinc vapor condensed 
in the cooler portions of the tube, and in part on the cooler sides of the 
porcelain boat. The deposited metal could afterward be examined 
under the microscope, which made it easy to distinguish sharply between 
bright metal, oxide, and coated metal. When oxide formed, it would 
partially deposit on the upper side of the tube immediately above the 
head of the porcelain boat, and also further along; but when the composi- 
tion of the gas was such that no oxide formed, this head deposit would be 
absent, and bright zinc metal would condense in globules, and as a mirror, 
above the end of the boat and further back in the cooler portion of the 
tube. 

Fig. 4 shows the arrangement of the apparatus as used in the final 
successful experiments, after considerable work had been done to 
ascertain the proper conditions for success. At first, carbon monoxide, 
made from potassium ferrocyanide and sulfuric acid, was passed directly 
into the gas storage S, which also received the carbon dioxide made from 
pure marble and dilute HCl. The gas storage bottle was graduated and 
any desired mixture could be made. The mixed gases were purified by 
passage through water, phosphorus, cone, sulfuric acid, and anhydrous 
calcium chloride. Under these conditions, carbon monoxide free from 


20 The analysis was: Pb, 0.04; Fe, 0.025; Cd, 0; As, tr. 
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carbon dioxide formed coatings on the zinc, and the diflSculty was 
ascribed to small quantities of SO2 in the gas, derived from the ferro- 
cyanide and sulfuric acid reaction. The presence of sulfur was proved 
in the coatings, which consisted of zinc sulfide and oxide. The purifica- 
tion system was then modified by the addition of concentrated potassium 
hydrate solution between the CO generator and the gas storage, and the 
insertion of N/20 iodine solution between the water wash and the phos- 
phorus bottle; also when pure CO was being used, by the further addition 
of KOH solution between the phosphorus and the cone. H2SO4 bottle. 



Fig. 4. — Arrangement of apparatus for equilibrium test. 


A. NaaCOs water 

B. Pyrogallic solution 

C. Cone. KOH solution 

D. Na2C03 water 

E. Water 

F. Electric furnace, charcoal 

G. CO 2 generator 


H. Cone KOH with by-pass 

I. Anhydrous CaCh 

J. P2O6 

K. Combustion tube 

L. Wash bottle 
P. Phosphorous 
S. Gas storage 


r. Pressure bottle 
W. Na 2 C 03 water 
Z. Zinc in boat 
Cm. Copper gauze 
T C. Thermocoujile 
X . Stop- and pinch-cocks 


The difficulty still persisted, and coatings containing sulfur were 
formed. Further investigation showed that very minute quantities 
of sulfuric anhydride mist, originating in the CO generator, passed 
unaltered through the long purification train and attacked the zinc. 
The ferrocyanide and sulfuric acid method of making carbon monoxide 
was therefore abandoned, and the method of passing CO2 over charcoal 
heated in an electric tube furnace was adopted. The CO2, made from 
marble and dilute hydrochloric acid, was passed through Na2C03 solution, 
over the heated charcoal, through pyrogallic solution, and concentrated 
KOH solution, to the storage bottle. From the storage it passed through 
phosphorus, iodine solution, water, cone. KOH, (in case pure CO was 
being used), then through anhydrous calcium chloride, and phosphorus 
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pentoxide. The white zinc oxide deposit still formed, but no sulfur 
was now present. The formation of oxide was due to minute quantities 
of oxygen which were not removed by the pyrogallic solution and phos- 
phorus, although the phosphorus was active, no inhibiting catalyzers 
being present, and the gas stream did not exceed 30 to 40 c.c. per minute. 

The final purification train then adopted was as last described, with 
the addition of copper gauze and shredded copper placed in the glass tube, 
near the end where the gas stream entered, and the replacement of the 
iodine solution by Na 2 C 03 solution. This train removed the trouble- 
some foreign constituents from the gas stream, and further experiments 
gave consistent results. 

The difficulties encountered are briefly outlined above for the purpose 
of showing how readily errors can be made in the investigation of a metal 
like zinc, which has such strong chemical affinity at the temperature of 
condensation. 

For determining the composition of the gas mixture, the following 
method was used. The pure gas, or the mixture, would be accumulated in 
the storage bottle, which was then thoroughly shaken to insure a uniform 
gas. The copper was then heated to redness, and the gas was passed 
through the train at the rate of 30 to 40 c.c. per minute, until from 2500 
to 3000 c.c. had been used. The sample was then taken in the manner 
described on page 283, an accurate glass stopcock burette, graduated to 
0.1 c.c., being used in connection with Hempel gas pipettes for analysis. 
The analysis thus obtained represented the composition of the gas in 
contact with the zinc.^i The gas burners under the zinc were then lighted 
and the experiment carried through to the end. Aside from CO and 
CO 2 , the gas contained usually between 5 and 8 per cent, of nitrogen^^ 
and fractions of 1 per cent, of H 2 . The source of the nitrogen is the 
charcoal, small amounts probably being due to the marble. The 
hydrogen comes from decomposed water vapor. The presence of these 
gases is not detrimental, since they represent normal constituents of 
distillation gases, which do not affect condensation. 

Conclusions from Equilibrium Investigation 

Table 2 contains the experimental data and Fig. 5 is the equilibrium 
curve drawn from these data. The gas composition is recalculated on the 
basis of a mixture consisting of CO and CO 2 only, omitting the nitrogen 
and hydrogen content. The results may be summed up in the statement 
that, within the condensation range between 500° and 700° C., distillation 
gases must not contain more than 2.5 per cent. CO 2 if oxidation of the 
zinc is to be avoided entirely; when present between 2.5 and 5 per cent. 

21 Metallic copper at red heat is without action on carbon dioxide or carbon 
monoxide. F. V. Bacho: Monatsh (1916) 37, 119. 

2 * Probably all nitrogen, though other gases related to N 2 may be present. 
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Table 2. — The Action of CO 2 on Zinc 


Num- 

ber 

Gas Composi- 
tion before 
Passage 

Gas Composi- 
tion after 
Passage 

Tem- 

pera- 

ture 

°C. 

Action on 
Zinc 

Remarks 

CO3 

CO 

CO2 

CO 

26 

0.8 

99.2 



653 

None 

Zinc all bright. Slight carbon de- 








posit on ginc in boat and on por- 








celain boat. 

27 

13.1 

86.9 



635 

Decided 

ZnO coat on tube. Typical blue 







action 

powder formed. Zinc coated 








gray. ZnO crystals present. 

28 

2.3 

97.7 

1.7* 

98.3 

647 

None 

Zinc all bright. Carbon deposit 








evident, but slight. 

29 

5.6 

94.4 

5.6 

94.4 

533 

Action 

Slight amount of oxide at head of 







present 

boat. Zinc beyond bright. 

29a 

5.6 

94.4 



711 

Decided 

ZnO formed at head and also fur- 







action 

ther on; appears yellow when 





* 



hot. Zinc in boat gray coated. 








ZnO crystals. 

30 

7.4 

92.6 



535 

Distinct 

ZnO at head of boat. Carbon de- 




1 


action 

position noticeable. Carbon 








spots on zinc in boat. Color 








films on zinc. 

31 

4.5t 

95. 4t 

2 . It 

97 . 9t 

534 

Action 

Slight amount of ZnO at head. 


4.0 





slight 

Color films on zinc in boat. Some 



j96.0 





carbon deposit. 

32 

2 Of 

98. Of 

i 


574 

No action 

Zinc all bright. Mirror. Carbon 

2.2 

j97.8 


. . 4 • . • 



deposit slight. 

32a 

2.0 

98.0 

' 1 


705 

No action 

Zinc bright. - 


* Not certain; probably low. 

t The upper figure is the composition of the gas after passing the heated tube 
containing copper; the lower figure is the composition before entering the tube. The 
difference may be considered as due to the decomposition of CO according to the 
reaction 2CO *=4 CO 2 + C, which is evidently not pronounced. 

i Taken after standing in contact for some time, with no gas flow. 

the action of CO 2 is comparatively slight; when more than 5 per cent, is 
present, oxidation is pronounced, and blue powder begins to form. 

That decomposition of CO occurs in the condenser tube is evident 
from the slight carbon deposit formed, but it is small and its detection by- 
analysis of the gas going in and coming out is uncertain, as the slight 
differences in composition are not readily determined. This confirms 
the data obtained from the experiments on composition of distillation 
gases previously described, based on experiments 7 and 8. It is there- 
fore concluded that in a condenser system in which there is a movement 
of gas not under normal speed {i.e., one at which condensation of zmc 
vapor can readily take place) the decomposition of CO is not sufficient 
to interfere with condensation. 
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The reaction 2CO CO 2 + C has been thoroughly investigated, and 
it need only be stated here that it proceeds from left to right much more 
rapidly at 500° than at 700°, and that the catalytic agents iron or nickel 
have a great influence on the speed of the reaction. It is advisable, 
therefore, in the design of a condenser, not to use structural material con- 
taining iron, or iron itself, in its interior; neither should the gas velocity 
be too slow, nor should the condenser be held at too low a temperature 
(450° to 500° C.). The last difficulty may be overcome by the use of 
a primary and a secondary condenser, the first being larger and held at 
the higher temperature range, while the second is smaller and held at the 
lower temperature range. 



Conditions of Zinc in Equilibrium Experiments 

In the preceding experiment, a relatively small amount of zinc vapor 
was contained in a large volume of gases. When the CO 2 was below the 
quantity necessary for attack on the zinc, the metal condensed beyond the 
heated zone of the tube in minute drops and globules firmly adherent to 
the glass, and aU were mirror bright. Further along, a metal mirror 
would appear. In most of the condensing region the temperature was 

R. Schenck and W. Heller: Berichte der Devischen Chemische Gesellschaft 
(1905) 38 , 2139; R. Schenck and F. Zimmermann: Ibid (1903) 36 , 1232. 


CHARLES H. FtTLTON 


299 


below the melting point of zinc. The general appearance was very 
similar to that of water vapor condensing on a pane of glass. There was 
no loosely adherent powder, but toward the very end of the tube there 
were minute shining crystals of zinc. The zinc in the boat was partly 
bright and in part covered with a brown film and dark brown spots which 
were taken to be carbon. 

When CO 2 was present in sufficient amount to attack the zinc readily, 
loosely adherent gray coatings and deposits formed above the boat, and 
further along, typical blue powder, accompanied by bright metal glob- 
ules and white oxide films. 

In the absence of interfering substances, the condensation of zinc vapor 
into liquid metal drops, and the coalescence of these drops into a bath 
of metal, present no particular difficulties. The coalescence of the zinc 
drops is governed by surface tension and related forces, and if these could 
be diminished, condensing surfaces might be made more efficient. The 
subject presents an interesting field for investigation. 

Requisites for Successful Condensation 

The object of the experimental work detailed in this paper was to 
determine certain fundamental facts in the distillation and condensation 
of zinc, in order to find an answer to the question — Are any products 
formed during the distillation of zinc ore and the subsequent condensation 
of the zinc vapor which interfere with the condensation to liquid metal; 
if so, what are they, and in what proportion are they harmful? 

The results of the investigation show that under proper conditions 
there is nothing to interfere with the condensation of the zinc to liquid 
metal, but that the latitude within which operations may be carried on is 
not wide. One requisite is that the distillation and condensation systems 
must be tight and impervious to air. This, of course, has been well 
known, but the fundamental reason for it has not been recognized. 
Many of the electric zinc furnaces that have been experimented 
with, or proposed, suffer from this vital defect, the arc furnace being 
particularly defective on this point. If operated continuously, by feed- 
ing ore and reduction carbon, and discharging slag, there will be regions 
in the furnace, in the cooler portions above the smelting arcs, where 
carbon dioxide will form in considerable proportion, according to the 
principles discussed in this paper. For an electric zinc smelting furnace 
to be successful, it must be able to obtain a uniform temperature rapidly 
throughout its whole distillation chamber; certainly no part of the 
chamber or its contents should be below 950'’ to 1000° C. From the stand- 
point of the condensation of vapor, it is not possible to distil at 1200° C. 
in one part of the chamber, while the products of distillation come in 
contact with ore charge at below 1000° C. in another part, and at the same 
time condense a large proportion of the vapor to liquid spelter. 
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DISCUSSION 

E. E. Thum,* Salt Lake City, Utah . (Written discussion f). — Dr. 
Fulton’s paper sheds a great deal of light upon questions which have 
perplexed many who have studied the metallurgy of zinc, and have fruit- 
lessly brought forth several hypotheses and reams of discussion. It would 
be a bright day if others would follow Dr. Fulton’s example, for, as a 
prominent metallurgist recently said, the zinc smelters’ adherence to old 
practices is not so much for the reason that no research has been under- 
taken, for a great deal has been, but rather because the results have not 
been published. 

On page 288, Dr. Fulton states that carbon dioxide in excess of 1 
per cent, is not found in the gases distilled above the carbon-reduction 
temperature; yet in Table 1, page 284, we find in experiment 8b, at per- 
haps 1500° C., that CO 2 is given as 2.5 per cent. Other results, notably 
experiment 12c at 1500° C., show higher percentages of carbon dioxide. 
Dr. Fulton refers to this 1 per cent, carbon dioxide maximum several 
times later in the paper, apparently at some discrepancy with his experi- 
mental results. 

‘On page 298, Dr. Fulton states that the reaction 2CO CO 2 + C 
proceeds from left to right much more rapidly at 500° than at 700°. 
That is true, of course, since CO 2 is the usual form at low temperature; 
yet on page 288, in discussing the effect of carbon dioxide on the con- 
densation, he states that at the end of the distillation the proportion of 
dioxide increases, particularly when the temperature is high (above 
1400°), the monoxide suffering decomposition into carbon dioxide 
and carbon. That is a point, it seems to me, that Dr. Fulton would do 
well to elucidate at some length. The reaction he indicates is, of course, 
a reversible reaction, and the equilibrium concentration-temperature 
diagram has been well worked out, showing that carbon dioxide is stable 
at low temperature, but reverts to carbon monoxide at higher tempera- 
tures. Now, if that reaction again reverses at 1000° C. and higher, it 
would be a* rather peculiar reaction and of a type which is not at all 
common in physical chemistry, since highest-temperature decomposition 
of carbon monoxide might produce carbon and oxygen rather than carbon 
dioxide and carbon. 

Dr. Fulton says that his experiments were conducted under rigorous 
conditions to determine the gas from the distillation chamber. He 
states that ^‘For this purpose, porcelain and quartz tubes were used, 
having been demonstrated to be tight and refractory enough for the 
temperatures employed.” These at times reached 1500° C. One who 
is famihar with the rapid deterioration of platinum thermocouples in 

* Western Editor, Chemical and Metallurgical Engineering. 
t Received Sept. 28, 1918. 
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reducing atmospheres at 1500° C., even when protected by the best 
fused-quartz tubes, would doubtless be glad to be reassured as to this 
point. Doubtless Dr. Fulton will give us detailed information as to the 
tests he made to establish the imperviousness of his tubing, especially 
since Alleman and Darlington, of Swarthmore College, were forced to 
great extremes before they were able to construct a furnace that was 
gas tight at such high temperatures.^ These two scientists ascribe 
much of the variation in published results on occluded gases in metals 
to insufficient precautions to insure against leakage of gases through the 
walls of the apparatus in use. 

Charles H. Fulton (author^s reply to discussion — Mr. Thum 
is kind enough to point out an apparent discrepancy between the 
conclusions drawn from experiments and the results of those experi- 
ments. It is stated on page 288 that carbon dioxide in excess of 1 
per cent, is not found in the gases above the carbon reduction temperature 
(of zinc oxide). This statement refers to such temperatures as occur in 
ordinary zinc distillation and is not meant to include temperatures above 
1350° C., and it should have been so stated in the original paper. When 
the temperature of the distilling chamber reached 1400° and above, 
it was noted that the amount of carbon dioxide in the gases increased. 
This cannot be explained by the equilibrium of the reaction 2C0;=^C02 + 
C, and in seeking reasons for the discrepancy, the experiments of Meyer 
and Langer, cited in the original paper, were found. , These experiments 
were carried out for the purpose of studying decomposition of gases 
at high temperature and the determination of molecular weights. The 
temperatures were attained in a platinum tube, proved tight by experi- 
ment. The paper states that at 1200° C. carbon monoxide remains 
unchanged, but that at 1690° C. there was a partial decomposition into 
carbon dioxide and carbon. Carbon dioxide at this high temperature 
showed traces only of decomposition. According to Nernst and von 
Wartenberg, the decomposition is into carbon monoxide and oxygen. ^ 

These results offer an explanation for the increase of carbon dioxide 
in the distillation gases produced at high temperatures. The analysis 
of the gas, of course, is made after it has passed from the point of origin 
in the high temperature region, through the region of intermediate 
temperature, tp the point of sampling. What happens in the interval 
between origin and sampling is not known, and the gas analysis reveals 
only the final result. It is perfectly possible that instead of 2CO±=5 

^ G. Alleman and C. J. Darlington : Occluded Gases in Ferrous Alloys. J ournalj 
Franklin Inst. (Feb., 1918) 186 , 161, 333, 461. 

* Received Nov. 29, 1918. j r 

2 W. Nernst and H. von Wartenberg: Die Dissociation von Wasserdampf. 

Zeitschrift fur Physicalische Chemie (1906) 66, 534. 
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CO 2 + C reversing itself at the high temperature and proceeding from 
left to right, the carbon monoxide is partly dissociated into carbon and 
oxygen and then that, as the gas passes to cooler regions, the oxygen 
unites with carbon monoxide with the consequent production of carbon 
dioxide. The fact remains that when the temperature of distillation 
is high at the end increased quantities of carbon dioxide appear. 

The tightness of the quartz and porcelain tubes used w^s tested as 
follows: The middle portion of the tube was heated to a maximum normal 
distiUing temperature of 1350° C. in the electric furnace, the atmosphere 
around the outside of the tubes being essentially one of carbon monoxide 
due to the nature of the electric furnace. Purified nitrogen gas was then 
passed through the tube; this was carefully analyzed before entrance 
and after passage through the tubes, and no change in gas composition 
was noted. Whether the tubes are tight at 1500° C., I am unable to say. 
The high temperatures of 1400 to 1500° C. were not the normal tem- 
peratures worked with and were reached only occasionally at the very 
end of the distillation and then prevailed for very short periods of time. 
The use of thermocouples for the high temperatures, in reducing atmos- 
pheres, particularly when zinc vapor is present, presents serious dif- 
ficulties. In the highest temperatures measured in the experimental 
work detailed in the paper, the hot junction end of the couple was in 
each case destroyed and the couple had to be shortened and recalibrated 
before it could be used again. 
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Effect of Impurities on Hardness of Cast Zinc or Spelter* 

BY G. C. STONE, t NEW YORK, N. Y. 

(Milwaukee Meeting, October, 1919) 

As the term hardness^’ is used with many different meanings, 
it should be understood that it here means resistance to deformation 
by compression. It was determined by measuring the pressure, in 
pounds per square inch, necessary to reduce by 20 per cent., the length 
of cylinders 1 in. (25 mm.) in diameter by 2.6 in. (66 mm.) long. The 
tests were made at Columbia University on an Olsen 400,000-lb. machine, 
the load being applied at a constant rate of speed 0.0319 in. per min. 
The results were obtained by Messrs. Rigg and Williams, and some of them 
were given in a paper read at the Sixteenth Annual Meeting of the 
American Society for Testing Materials, in June, 1913. The remainder 
of the results were obtained in subsequent experiments by the same 
authors. In all cases, the results given are the averages of three or more 
closely concordant tests. 

All of the spelters tested were of standard commercial grades and all 
were of compositions making them good deliveries. The accompanying 
table gives the results arranged in the order of increasing hardness : 


Table 1 . — Hardness of Commercial Spelters 


No. 

Lead j 

Iron 

Cadmium 

Total Impurities, 
Per Cent. 

Lb. per Sq. Inch 
for.20Ter Cent. 

1 

0 194 1 

0 016 

0.000 

0.210 

23,030 

2 

0.190 ! 

0.017 

0.000 

0.207 

23,150 

3 

0.040 

0.016 

0.000 

0.056 

23,640 

4 

0.041 

0.014 

0.000 

0.055 

24,230 

5 

0 484 

0 031 

0.000 

0.515 

24,830 

6 

0.870 

0 062 

0.023 

0.955 

26,140 

7 

0 474 

0.017 

0.000 

0.491 

28,070 

8 

1.150 

0.011 

0.046 

1.207 1 

28,450 

9 

1.420 

0.087 

0.079 

1.586 

29,970 

10 

0.060 

0.019 

0.200 

0.279 

37,170 

11 

0.600 

0.030 

0.320 

0.950 

37,540 

12 

1.190 

0 032 

0 250 

1.472 

38,770 

13 

0.680 

0.010 

0.274 

0.964 

39,490 


* This paper was first printed in the Journal of the American Institute of Metals, 


March, 1918. 

t New Jersey Zinc Co. 
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The results are plotted in Chart 1. An examination of either the 
table or chart shows no indications of a definite relation between 
the lead, iron or total impurities and the hardness. Both show that 
increased cadmium gives greater hardness. 

To test the closeness of this relationship, Chart 2 was drawn. In 
this, the percentage of cadmium forms the abscissas and the pressure the 
ordinates. The maximum and minimum limits of compression are shown, 
and a curve can be drawn well within these limits; in fact, it is close to the 
average in all cases. It seems obvious that cadmium is practically the 
sole cause of hardness in commercial spelter. Lead alone has practically 
no effect. 

Iron up to 0.10 per cent, (the extreme Hmit for salable spelter) has 
no effect. Iron in large quantities, 2 to 3 per cent., makes a very hard 
and brittle alloy, but it is dross and not spelter. The hardening and 
consequent brittleness, due to the presence of cadmium, would account for 
the fact that American rolling mills usually have more trouble and loss 
from cracked edges than European mills, as the American ores are usually 
higher in cadmium than the European. 
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Oxygen and Sulfur in the Melting of Copper Cathodes 

BY STANISLAUS SKOWRONSKI, * B. S., PERTH AMBOY, N. J. 

(Colorado Meeting, September, 1918) 

The melting of cathode copper, usually containing 99.98+ per cent. 
Cu, would appear to be a simple matter. Owing to the well known 
affinity of copper for sulfur, however, so much sulfur is absorbed by 
the copper during the operation that a long and expensive refining process 
is required to remove it, and the final product is inferior in purity and 
lower in electrical conductivity than the original cathode copper. 

The furnace operation, as now conducted, includes the following 
stages : 

1. Charging the cathodes into the furnace. 

2. Melting the cathodes. 

3. Oxidizing period — saturating the copper with cuprous sub-oxide 
and bringing the metal to the condition known as “set copper;^' this is 
now done by blowing air into the molten bath of metal. 

4. Reduction period^ otherwise known as ^'poling,'' whereby the 
oxygen previously added is removed by covering the molten bath com- 
pletely with coke or charcoal and introducing large poles of green wood; 
this reduces the cuprous sub-oxide, bringing the copper to the “tough 
pitch'’ stage ready for casting. 

5. Casting Period, 

Many experiments have been made to obviate the long periods of 
oxidation and subsequent reduction, with no success. While the copper 
first cast will be good, as indicated by the set surface of the bars, it is 
impossible to hold it to the “tough pitch" condition, and long before 
the whole charge has been poured the copper will become “overpbled," 
entaihng numerous difficulties. 

Sulfur has always been blamed by the furnace men as the reason 
why this refining process is necessary, yet the hterature on the subject 
does not sufficiently emphasize how small a proportion of sulfur will 
ruin copper for practical purposes. 

The sulfur absorbed by copper during the melting period comes from 
two sources: (1) the sulfate left on the cathode sheets in the tank houses; 
(2) the fuel. The percentage of sulfates on the cathodes is variable, 
and depends on the care taken in washing the cathodes after removing 


Head of Research Dept., Raritan Copper Works. 
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them from the electrolytic tanks. Crystallized copper sulfate can 
often be seen on the top edges, particularly around the loops of the cath- 
odes, and even well washed cathodes will show from 0.002 to 0.004 per 
cent, of sulfur. In the furnace, the copper sulfate becomes dehy- 
drated and considerable quantities of it are blown out of the furnace, 
most of this being caught in the flues of the waste-heat boilers; samples of 
flue dust collected beyond these boilers analyzed 16.5 per cent, of water- 
soluble sulfates. The fuel, whether soft coal or oil, always contains an 
appreciable amount of sulfur, which is likely to be absorbed by the 
copper, as the products of combustion pass over the charge. 

Melting under Coke Cover 

In order to study the behavior of sulfur and oxygen during the 
refining of cathode copper, samples were taken at 3^-hr. intervals from 


Table 1. — Oxygen and Sulfur Contents of Copper at Various Stages of 
Refining j under Coke Cover 


Sample 

Time 

Period 

Total 

Time 

in 

Furnace, 

Hours 

Per 

CenL, 

Oxygen 

Per 

Cent. 

Sulfur 

Conduc- 

tivity 

Annealed 

Wire 


5:00 p. m. 

Charging 






7:10 p. m. 

Finished charging 





1 

5:00 a, m. 

Started blowing air 

12 

0 170 

0.0030 

98.6 

2 

5:30 a. m. 

Oxidizing 


0.194 

0.0035 


3 

6 : 00 a. m. 

Oxidizing 

13 

0.203 

0.0026 


4 

6:30 a. m. 

Oxidizing 


0.240 

0 0015 

Wire 

5 

7:00 a. m*. 

Oxidizing 

14 

0 277 

0.0010 

could 

6 

7:30 a. m. 

Oxidizing 


0.275 

0 0007 

not be 

7 

8:00 a. m. 

Oxidizing 

15 

0.293 

0.0005 

cold 

8 

8:30 a. m. 

Oxidizing 


0.302 

0.0003 

drawn 

9 

9:00 a. m. 

Oxidizing... 

16 

0.323 

Nil 

owing to 

10 

9:30 a. m. 

Oxidizing ! 


0.337 

Nil 

high oxy- 

11 

10:00 a. m: 

Oxidizing 

1 17 

0.366 

Nil 

gen con- 

12 

10:30 a. m. 

Oxidizing 


0.410 

Nil 

tents 


10:45 a. m. 

Furnace coked .... 





13 

11:00 a. m. 

Poling 

18 

0.335 

Nil 


14 

11:30 a.m. 

Poling 


0.214 

Nil 


15 

12:00 m. 

Poling 

19 

0.108 

Nil 

99.8 

16 

12:30 p.m. 

Poling 1 


0.073 1 

0.0009 

100 0 

17 

1:00 p. m. 

Poling 

20 

0.045 

0.0014 

100.2 


1 :30 p. m. 

Casting 





18 

2:00 p. m. . 

Casting 

21 

0.048 

0.0014 

99.9 

19 

3:00 p.m. 

Casting 

22 

0.039 

0.0029 

100.1 

20 

4:00 p. m. 

Casting 

23 

0.048 

0.0031 

99.9 

21 

5:00 p. m. 

Casting 

24 

0.051 

0.0019 

99.9 


5.15 p.m. 

Charge out 

2m 
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a 500,000-lb. charge of copper. Results are compiled in Table 1 and 
shown graphically in Fig. 1. 

Analysis of the final product gave 99.93 per cent. Cu, and the average 
conductivity of the samples was 100. 

Referring to Fig. 1, during the oxidizing period, as expected, the 
percentage steadily increases while the sulfur continuously 
decreases, until the reversible reaction 

CusS + 2 CU 2 O ±=; 6Cu + SO 2 

has been completed so far as the cuprous sulfide in the copper is con- 
cerned. Further, no sulfur is absorbed, that is, the reaction does not 



Samplel 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

12th Hour 13 14 15 16 17 18 19 20 21 22 23 24 

Hours in Fumacse 


Fig. 1. — Behavior of sulfur and oxygen during refining under coke cover. 


become reversible until the charge has been brought up to nearly the 
tough pitch stage, when it again takes up sulfur. 

This residual sulfur, amounting to only 15 lb. in the whole charge, 
can come from two sources only: the fuel and the coke used to cover the 
charge. A good grade of 72-hr. coke, analyzing 0.83 per cent. S, was 
used, and as 1200 lb. was required, this introduced 10 lb. of sulfur into 
the charge. 


Melting under Charcoal Cover 

This test was duplicated on another furnace charge of the same weight, 
using charcoal instead of coke to cover the charge. This charcoal con- 
tained only 0.03 per cent. S. The results are compiled in Table 2 and 
shown graphically in Fig. 2. 

The analysis of the final product gave 99.966 per cent. Cu, and the 
average conductivity of the samples was 100.5 


Percent Sulphur 
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Table 2. — Oxygen and Sulfur Contents of Copper at Various Stages 
of Refining, under Charcoal Cover 


Sample 

Time 

Period 

Total 

Time 

in 

Furnace, 

Hours 

Per 

Cent. 

Oxygen 

Per 

Cent. 

Sulfur 

Conduc- 

tivity 

Annealril 

Wire 


7 : 30 p. m. 

Charging 

. 





9:10 p. m. 

Finished charging . . . 





1 

10:00 a. m. 

Oxidizing 

14K 

0.249 

0 0020 


2 

1 1 • on A. m - 

Oxidizing 


0 380 

0.0009 


3 

12:00 p. m. 

Oxidizing 


0.387 

0.0004 


4 

1:00 p. m. 

Oxidizing 

.... 

0 399 

Nil 


6 

2:00 p. m. 

Oxidizing 



0.447 

Nil 


6 

3 : 00 p. m. 

Oxidizing 


0 467 

Nil 


7 

3:30 p. m. 

Poling 

20 

0.472 

Nil 


8 

4:00 p. m. 

Poling 


j 0.470 

j Nil 


9 

5:00 p. m. 

Poling 


0 221 

! Nil 


10 

6:00 p. m. 

Poling 

' . . . . ! 

0.059 

Nil 

100.1 

11 

6:30 p. m. 

j Casting 

; 23 1 

0.019 

n.oolo 

i dOO.6 

12 

7:30 p, m. 

Casting 

. * j 

i 0.018 i 

0 0013 

100.7 

13 

8:30 p, m. 

Casting 

j 1 

1 • • • 1 

0.020 

0.0011 

' 100 4 

14 

9 : 30 p. m. 

Casting 

i — 

0.024 

0.0010 

100.4 

15 

10.30 p. m. 

i Casting 

27 

0.021 

0.0011 

100.4 


10:40 p, m. 

Charge out 




- 


Referring to Fig. 2, the behavior of oxygen and sulfur during refining 
follows closely that of the former charge; but owing to the absence of 



Fig. 2. — Behavior of sulfur and oxygen during repining under charcoal 

COVER. 


sulfur in the charcoal used to cover the charge during the poling and 
casting periods, the absorption of sulfur by the copper was much less. 


Per Cent Snip] 
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Table 3. — Comparison 


Sulfur, average per cent . , 
Oxygen, average per cent. 
Copper, average per cent. 

Conductivity 

Sulfur in charge, pounds. . 


of Copper Refined under Coke and under Charcoal 


1. Coke- 
Covered Charge 


2. Charcoal- 
Covered Charge 


0.0024 
0 045 
99.937 
100.0 
15.0 


0.0011 

0.021 

99.966 

100.5 

5.5 


The comparison of the two charges, given in Table 3, shows not 
only a lower sulfur content for the charge refined under charcoal, but 
also lower oxygen. con tents, and a better quality of copper. 

It is becoming better understood that the ^'surface set,” or the pitch 
of copper, is directly controlled by the sulfur and perhaps certain reduc- 
ing gases, such as carbon monoxide and hydrogen, rather than by oxy- 
gen; and that sulfur raises the ^^set” or overpoles the copper, thus 
necessitating a certain amount of oxygen, which depresses the ^‘set”, 
to counterbalance the action of the sulfur. 

In these two charges, the pitch” of the copper was the same, yet 
owing to the lower sulfur in product No. 2, its oxygen contents is also 
much lower than that of No. 1, affording great improvement in the quality 
of the copper. The refiner did not know how much sulfur was present 
in his final product; he simply worked the copper to the desired pitch, and 
the sulfur present in each charge determined the amount of oxygen 
necessary to give the proper surface set” on the copper. 


Summary 

Samples taken at regular intervals during the melting and refining 
of copper cathodes show; 

1. The total elimination of sulfur during the ''oxidation” period 
and before poling. 

2. The re-absorption of sulfur by the charge when the percentage 
of cuprous oxide is low enough to allow the reversible reaction 

6Cu + SO 2 CU 2 S + 2 CU 2 O 

to take place. 

3. The advisability and importance of using a low-sulfur coke or 
charcoal to cover the molten bath during the poling and casting periods. 
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Relation of Sulfur to the Overpoling of Copper 

BY STANISLAUS SKOWRONSKI,* B. S., PERTH AMBOY, N. J. 

(Colorado Meeting, September, 1918) 

OvERPOLED copper, as commonly defined, is copper which has been 
excessively reduced during the poling period of the refining process. 
Owing to its porosity, such copper is unfit for commercial purposes. 

The cause of this phenomenon is undoubtedly the lack of oxides in the 
copper, yet this does not completely explain it. Refined copper of the 
same pitch” and ‘‘set” varies considerably in oxygen contents, and 
analyses of overpoled bars also show similar wide differences; moreover, 
it is possible to melt copper in crucibles so as tc obtain bars that are 
practically free from oxygen although they show a “tough pitch” and 
“level set” surface. 

Frederick Johnson advances the following theory: 

The regulation of the quantity of oxygen in copper is the keynote of all copper 
refining. It is the presence of a well defined proportion of oxygen in the form of cu- 
prous oxide, forming a copper-cuprous oxide eutectic, which enables copper to be cast 
free from blowholes. It seems that when oxygen is present, other gases are less solu- 
ble in molten copper; when oxygen is absent, or is present in insufficient quantity, the 
copper dissolves other gases, such as hydrogen and carbon monoxide, which are insolu- 
ble in the copper when solid, and, being rejected during the process of solidification, 
causes internal porosity and external ridges and excrescences.* 

« « « « ♦ 

The “level set’' of wire bars, etc., is entirely the result of a compromise between the 
occluded gases and cuprous oxide. With excess of the former the metal would be 
“overpitch” and spongy, while an excess of the latter would result in the metal being 
“underpitch” and brittle.* 

The result of the absorption and subsequent expulsion of reducing 
gases, carbon monoxide and hydrogen, and the effect of this action on 
the overpoling of copper are in dispute; the literature on the subject is 
full of contradictory statements and will continue to be so until better 
analytical methods have been developed. Sulfur, however, is tangible. 
The refiner can see it- in his button sample and consequently attributes 
to it any trouble that may happen during the melting of the copper. 


* Head of Research Dept., Raritan Copper Works. 

1 Journal^ Institute of Metals (No. 2, 1910) 4, 165. 

1 Journal^ Society of Chemical Industry (July 31, 1917) 36, 804. 
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The cathode copper used in the following experiments was of high 
purity, analyzing 99.99 per cent. Cu. In all melts, 1500 gm. of copper 
were used, making a standard-size test bar. The graphite crucibles were 
thoroughly annealed and burned before using. The furnace was a small, 
gas-fired, crucible furnace. Conductivity measurements were made on 
all test bars and are reported in terms of the Matthiessen standard, soft 
annealed wire. 

Melting Cathode Copper 

To prevent oxidation, cathode copper was melted under a flux of 
soda-ash, and also under charcoal, with results shown in Table 1. 


Table 1. — Melting Cathode Copper 



Before Melting 

After Melting 


Under Soda- Ash 

Under Charcoal 

Copp6r 

99.990 

99.986 

99.960 

Oxvfiren 

Nil 

0.003 

0.029 

Sulfur 

Nil 

Nil 

Nil ' 

Conductivity 

101.9 

101.3 

100.8 



All test bars made in these experiments had a perfect "level set” 
surface. In duplicate tests, attempts were made to overpole the copper 
by poling with green wood, but copper could not be thus overpoled, all 
test bars so made having "level” set and proper "pitch.” 

It is evident from these results that, since it is possible to obtain 
"tough pitch” or "level set” copper without oxygen, the overpoling of 
copper cannot be considered as due to a lack of oxygen; on the contrary, 
the results tend to prove Johnson’s theory that another factor, which the 
oxygen is only counteracting, must be taken into consideration. 

Sulfur Alloys 

The method of making sulfur alloys was to place a weighed amount 
of cuprous sulfide (20.12 per cent. S.) in the bottom of a graphite 
crucible and pile the charge of sheared copper cathodes on top of it. 
Although the cuprous sulfide was added before melting, little sulfur 
escaped, most of it alloying with the copper. Results are shown in 
Table 2. 

Bars No. 2 and 3A were melted under charcoal, while bars No. 3B, 4, 
5 and 6 were not. It is to be noted that while test bars 3A and 3B 
contained the same amount of sulfur, bar 3A was overpoled with 
0.022 per cent, of oxygen while bar 3B, containing 0.071 per cent, ol 
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Table 2. — Addition of Sulfur to Copper 


No. 

Sulfur, 

Per Cent. 

Oxygen, 

Per Cent. 

^ 

Conductivity 

Set Surface on Test Bars 

2 

0.0012 

0.023 

100.7 

•Level, 0. K. 

3A 

0.0038 

0.022 

100.1 

Overpoled 

3B 

0.0038 

0.071 

99.5 

Level, 0. K. 

4 

0.0052 1 

0.083 

98.5 1 



5 

0.0058 

0.093 

98.8 


Badly overpoled and spewed 

6 

0.0069 

0.072 

98.6 

J 



oxygen, was not; yet bars No. 4, 5 and 6, all high in sulfur, were badly 
overpoled with higher oxygen contents than bar No. 3B. 


Effect of Charcoal Cover 

Two series of experiments, varying the sulfur contents while 
keeping the oxygen as constant as possible, were made. In series 1, the 
crucibles were left uncovered and the copper' allowed to absorb all the 
oxygen it could. In series 2 the copper was melted under charcoal and 
poled before casting. Comparative results are shown in Tables 3 and 4. 


Table 3. — Copper Melted in Uncovered Crucibles 


Bar 

No. 

CuS Added, 
Grams 

Calculated 
Per Cent. 
Sulfur 

Analysis of Test Bars 

Sulfur 

Oxygen 

Copper 

Conductivity 

1 

0.10 

0.0013 

0.0009 

0.079 

99.902 

99.8 

2 

0.20 

0.0027 1 

0.0021 

0 056 

99.928 

100.2 

3 

0.30 

0.0040 1 

0,0033 

0.113 

99.874 

99.5 

4 

0.40 

0,0054 

0 0044 

0.097 1 

99.886 

99.3 

5 

0.50 

0,0067 

0 0039 

1 0.127 

99.846 

98 9 


Photographs of the bars referred to in Table 3 are shown in Fig. 1. 
Except No. 4, all bars had a “level set” surface, showing no evidence 
whatever of overpoling. Bar No. 4 had the characteristic ridge in its 
middle, showing a slightly overpoled condition of the copper. 

Photographs of the bars referred to in Table 4 are shown in Fig. 2. 

Bar No. 1 was strictly 0. K. 

Bar No. 2 had slight crown, slightly overpoled. 

Bar No. 3 had ridge in the middle of bar and sulfur worms. 

Bars No. 4 and 5 were decidedly overpoled and spewed badly. 

From these results, it is evident that cuprous oxide counteracts the 
effect of sulfur, either by increasing the solubility of sulfur in copper, 
or, as pointed out by Johnson, by inducing a physical condition of cqui- 
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Table 4. — Copper Melted under Charcoal 


Bar 

No. 

Cu 2 S Addedf 
Grams 

Calculated 
Per Cent. 
Sulfur 

Analysis of Test Bars 

Sulfur 

Oxygen 

Copper 

Conductivity 

1 

0.10 

0.0013 

0.0008 

0.022 

99.954 

100.7 

2 

0.20 , 

0.0027 

0.0015 

0.016 

99.962 

101.0 

3 

0.30 

: 0.0040 

0.0028 

0.016 

99.956 

100.8 

4 

0.40 

0.0054 

0.0042 

1 0.025 

99.960 

100.3 

5 , 

0.50 

0.0067 

0.0045 

0.034 

99.958 

I 

100.5 

1 


librium between the sulfur, tending to overpole the copper, and the 
cuprous oxide, tending to underpole” it. Yet neither theory explains 



Fig. 1. — Copper melted in uncovered crucibles. 

the fact that when a charge of copper is '‘overpoled ” it cannot be righted 
by a simple addition of cuprous oxide, but the charge must be reworked 
to set copper. 

Effect of Sulfur on the Conductivity of Copper 

A comparison of the conductivity tests arranged according to increas- 
ing sulfur contents is shown in Table 5. 
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Table 5 . — Effect of Sulfur on Conductivity 



Per Cent. 
Sulfur 

Per Cent. 
Oxygen 

Conductivity 

Cathode copper 

Nil 

Nil 

101.9 

Copper melted under flux 

Nil 

0.003 

101.3 

Copper melted under charcoal 

Nil 

0.029 

100.8 



0.0008 

0.022 

100.7 



0.0009 

0.079 

99.8 



0.0012 

0.023 

100.7 



0.0015 

0.016 

101.0 



0.0021 

0.056 

100.2 



0.0028 

0.016 

100.8 



0.0033 

0.113 

99.5 



0.0038 

0.022 

100.1 

Sulfur alloys 


0.0038 

0.071 

99.5 



0.0039 

0.127 

98.9 



0.0042 

0.025 

100.3 



0.0044 

0.097 

99.3 



0.0045 

0.034 

100.5 



0.0052 

0.083 

98.5 



0.0058 

0.093 

98.8 



0.0069 

0.072 

98.6 



Fig. 2. — Copper melted under charcoal and poled before pouring. 
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Since the sulfur contents of refined copper is within the limits of 

0.001 to 0.004 per cent., the conductivity of commercial copper cannot 
be said to be directly affected by the sulfur it contains. It is the cu- 
prous oxide, which must be left in the copper to counteract the sulfur, 
that lowers the conductivity. This is more evident by comparing Tables 
3 and 4, where the overpoled bars show high electrical conductivities, 
whereas the ‘4evel set’^ bars, high in oxygen, show low conductivity. 

It takes a comparatively large amount of cuprous oxide to counteract 
a trace of sulfur; this explains why, in the refining of copper, the gases 
from fresh fuel will often “ overpole the copper during the casting period, 
and also why copper cannot be held in the furnace at the proper pitch for 
more than a few hours. It also explains the limit of recharging cathode 
sheets into the furnace after the copper has been worked to the proper 
pitch, the sulfate present on the cathode sheets overbalancing the equi- 
librium established between the cuprous oxide and the sulfur. 

While cuprous sulfide was used in these tests, one series of experi- 
ments was made using dehydrated copper sulfate; the same results were 
obtained as to the physical characteristics and ^^set'^ of the copper, show- 
ing that sulfur will be absorbed by the copper whether present as sul- 
fide or as sulfate. 

Summary 

Experiments on alloys of sulfur and copper show that: 

1. Sulfur is a direct agent in the overpoling of copper, the cuprous 
oxide left in the copper acting only as a neutralizing agent for the 
sulfur. 

2. The amount of oxygen present in refined copper, as regulated by 
the pitch of the copper, is automatically controlled by the sulfur, and 
possibly by other reducing gases present in the copper. (No reliable data 
regarding the second statement are at hand.) 

3. It is impossible to overpole copper by over-reduction if the copper 
does not contain sulfur and possibly other reducing gases. 

Since no reliable data are at hand as to the actual effect of hydrogen 
and carbon monoxide on the overpoling of copper, the conclusion as to 
sulfur must be modified somewhat so as to include the possibility that 
these reducipg gases may also exert some effect, although the overpoling 
of copper free from sulfur has not been found to be possible in these 
investigations. 

DISCUSSION 

G. H. Clamer* (Philadelphia, Pa.). — Sulfur is not so detrimental in 
its effect if oxygen is also present, so that in sulfur-carrying bronzes and 
brasses, it is advantageous to maintain a certain percentage of oxygen. 

♦ First Vice-president and Secretary, Ajax Metal Co. 
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As a matter of fact, it would be possible sometimes to correct difficulties 
by actually adding oxygen. If the cathodes were charged directly into 
an electric furnace in a neutral or reducing atmosphere, a very high grade 
of copper would result by a simple melting operation. This would very 
largely eliminate the loss occasioned by melting in a reverberatory 
furnace. In such a furnace a large amount of slag is produced during 
the oxidizing stage- of refining. Notwithstanding the fact that melting 
in an electric furnace might be somewhat more expensive than melting 
in a fuel furnace, the ultimate result would be a saving and the pro- 
duction of a very high grade of copper. 

Philip L. Gill, New York, N. Y. (written discussion*). — There is 
one feature of the fire-refining of electrolytic copper which I believe 
should be mentioned when the relation of oxygen content to the 
pitch or ^^set'^ of refined copper is under discussion; that is, the segre- 
gation of impurities. Variation of ''pitch^^ or ^^set” is frequently noted 
in castings of different shapes, cast at the same time from the same fur- 
nace, though the oxygen content remains identical. 

For instance, it is possible to cast two wire-bars in the same shaped 
molds from the same ladleful of copper, the one 2 in. thick showing a 
good level set, the other, 4 in. thick, being overpoled. Also, when two bars 
are cast of the same weight and at the same time from the same furnace, 
one bar in a copper mold at the proper temperature, the other in a mold 
that has been allowed to get overheated, the bar in the hot mold will show 
signs of higher ‘‘pitch’’ or “set.” Again, the temperature at which the 
copper is cast enters into the set of the castings. A hot copper with a 
high-crowned set can be quickly converted to a flat level set by lowering 
the temperature of the metal in the furnace by addition of a few hundred 
pounds of high-pitch wire-bar. 

Segregation can also be noted in the fact that bars cast by pouring the 
metal entirely on one end show a lower set at the point of pouring than on 
the opposite end. If copper cast in this manner becomes overpoled, the 
wire-bars will show indications of overpoling first on the end opposite to 
the one from which they have been poured. 

The difficulty of making sound copper castings -in closed green-sand 
molds, without the aid of heavy risers, is well known to many foundry- 
men, and is another indication of how difficult it is to maintain the 
balance between the neutralizing cuprous oxide and the reducing gases 
absorbed by molten copper when conditions in the casting are favorable 
to segregation. 

Referring to his Table 1, the results of melting cathode copper in 
1500-gm. lots in graphite crucibles under soda ash and charcoal covers, 
Mr. Skowronski states that it was impossible to overpole this copper by 


* Received June 22, 1918. 
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poling with green wood. I have also experienced dfficulty in obtaining 
samples of overpoled copper free from sulfur in small test bars, though 
standard 200-lb. wire-bars cast from the same melt spewed badly. I would, 
therefore, venture to suggest that had Mr. Skowronski been able to make 
a larger casting, or to eliminate the quick chill of his small test-bar 
mold, he would have found indications of overpoling in duplicate tests 
even though sulfur was not present. 

Some years ago, I had occasion to make a test along somewhat 
similar lines. Owing to the difficulty, at that time, of obtaining accurate 
laboratory results on minute quantities of sulfur, in the neighborhood 
of our large refineries, sulfur analyses were omitted. A 100,000-lb. 
furnace was used and a semi-bituminous coal of exceptionally low sulfur 
content was selected for fuel. The cathodes charged were carefully 
washed twice with a finely divided high-pressure stream of warm water to 
remove the last traces of copper sulfate solution. The cathodes were 
charged and melted as rapidly as possible, care being taken to maintain 
an oxidizing atmosphere in the forehearth of the furnace while melting. 
The copper was oxidized to ^^set copper and poling was begun. While 
poling, the metal bath was kept completely covered with clean lump 
charcoal. Samples were taken at approximately lO-min. intervals and 
analyzed for copper, the first sample being taken just before level 
set was reached. Poling was continued after tough pitch was reached 
and samples of the overpoled copper were carefully analyzed. Care 
was taken during the poling period to avoid adding fresh fuel to the fire. 
Results were as follows: 


Sample 

No. 

Per Cent 
Cu 


Sample 

No. 

Pei Cent. 
Cu. 


1 

99.860 

low set 

6 

99.959 

high set 

2 

99.890 

low set 

7 

99.978 

high ridge 

3 

99.934 

level set 

8 

99.957 

spewed badly 

4 

99.941 

level set 

9 

99.934 

spewed badly 

5 

99.953 

slightly convex 





Samples for analysis were small flat dip samples designed to avoid 
segregation. Castings made for the observation of “set” were standard 
135-lb. wire-bar. 

Owing to the precautions taken to exclude sulfur as a factor, i.e., 
extra washing of the cathodes, thorough oxidation of the charge, the use 
of charcoal as a covering for the bath, the avoidance of fresh fuel during 
the poling period, and the low sulfur content of the coal, the decrease 
in the percentage of Cu in the castings was attributed to the absorption 
of reducing gases from the green wood, probably CO and H, which, on 
segregating in the castings, were not entirely given off. The same result 
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could, of course, have been due to the absorption of SO 2 , but in this case, 
to have attributed the falling off in the percentage of Cu to that cause 
would have meant the, absorption of at least 22 lb. of sulfur in approxi- 
mately 20 minutes. 

In conclusion, I would state that I have never found it impossible to 
overpole electrolytic copper under manufacturing conditions; also, that 
the amount of oxygen remaining in refined copper, to neutralize the 
effects of sulfur and other reducing gases present, will vary considerably 
with the amount of segregation which takes place in the casting. It also 
follows that castings designed to eliminate segregation will, in commercial 
practice, contain a higher percentage of Cu than those in which, on account 
of their shape, segregation is more marked. 

F. Johnson,* Birmingham, England (written discussion f). — 
Mr. Skowronski^s first melting experiments tend to show that ingots 
with a ^Uevel set^^ may be obtained without oxygen. Now it is charac- 
teristic of all metals which occupy a smaller volume when solid than they 
do when molten to '‘pipe.’’ In vertical-cast ingots, this pipe resembles 
a horn-shaped cavity, with the wide mouth uppermost. In horizontal- 
cast ingots, the pipe is a longitudinal furrow along the centerline of 
the ingot surface. 

If copper be successfully deoxidized and degasified^ this furrow will 
inevitably be produced. In the author’s oxygen-free ingots, it is clear 
that gases were occluded and these gases effectively opposed the forma- 
tion of a pipe or furrow by shrinkage (fluid contraction). It is not a 
special property of any particular gas which produces this effect. Hence 
it is not surprising that the author has succeeded in producing level and 
overpoled ingots through the agency of sulfur dioxide gas. That he has 
counteracted the overpoling influence of sulfur by means of oxygen 
is somewhat difficult to explain, since the well known reaction between 
cuprous sulfide and cuprous oxide should result in the production of 
sulfur dioxide gas. Why the presence of excess cuprous oxide should 
neutraUze the overpoling influence of this gas without eliminating sulfur 
is not at all clear. It is to be regretted that the oxygen was not deter- 
mined in the bars given in Tables 3 and 4. 

It is by no means established that sulfur is responsible for the over- 
poling of ingots given in Table 4, since carbon was used for overpoling. 
If, however, the same kind of poling treatment was given as that applied 
in the case of ingots in Table 1, the responsibility of sulfur assumes more 
definite shape. 

The author rightly points out that Mr. Johnson’s theory of the 
equilibrium between gases and cuprous oxide does not explain why a 

* Head of Metallurgy Department, Municipal Technical School, 
t Received Sept. 12, 1918. 
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simple addition of cuprous oxide does not correct an overpoled charge. 
Such a charge must be re-worked to ^'set^^ copper. This re-working 
(rabbling) undoubtedly forcibly removes the excess gases, which are 
not removable by cuprous oxide. 

The writer suggests that the gases concerned in the production of 
^Hough-pitch'^ copper are of two kinds, soluble and insoluble. The 
soluble gases, such as hydrogen and possibly carbon monoxide, may be 
capable of being retained in solid solution and therefore would, if wholly 
in this condition, play no part in the formation of ^Het. " 

In the absence of other gases, and of cuprous oxide, such copper should 
set with a depression and give characteristically underpoled ingots. The 
introduction of cuprous oxide is followed by a reaction, for example: 

2II2 “t“ O2 = 2H2O 

2CO + O 2 =2C02 

Thus insoluble gases are formed which cannot be retained in solid 
solution and which, in endeavoring to escape before solidification is 
complete, will oppose themselves to the natural shrinkage of the metal 
and result in the production of ingots with level surfaces (tough-pitch) 
or of overpoled ingots, if in excess. The action of overpohng will thus 
be the production of more soluble gases which react with cuprous oxide 
and produce an accumulation or excess of insoluble gases. This excess 
would cause spewing. 

The writer has no experimental evidence to offer in support of this 
theory, but the inability of cuprous oxide to neutralize the overpoling 
action of insoluble gases is thus explained. Their removal must be 
effected mechanically. 

The writer has found, in his experience, that it is possible to produce 
ingots of electrolytic copper which are so overpoled as to spew even on 
an experimental scale. The copper used was cathode copper of high 
electrical conductivity '(over 101 per cent.); sulfur was not determined. 

S. M. Hopkins, metallurgist at the Birmingham Battery Co., and a 
copper refiner of many years' experience, confirms this. 


VOI,. LX. — 21 . 
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Action of Reducing Gases on Hot Solid Copper 

BT NORMAN B. PILLING,* M. S., PITTSBURGH, PA. 

(Milwaukee Meeting, October, 1918) 

The deleterious effect on the mechanical properties of copper, re- 
sulting from heating in contact with reducing gases, is well known, but 
the mechanism of the action does not appear to have been definitely 
established. The purpose of the present investigation was not to deter- 
mine the exact variations in physical quality of commercial copper, 
with its various impurities, as dependent upon the composition of the gas, 
temperature of exposure, etc., but rather to study the nature of the 
action and the conditions under which it occurs. 

The physical result of the so-called ‘^gassing” of copper has been gen- 
erally described as the development of brittleness.^' There appears 
to be a striking decrease in tensile strength, associated with a considerable 
loss of ductility, and a small copper strip or wire affected in this way 
can be snapped in two when bent. Larger articles may have an outer 
layer alone affected, which can be detached from the core by hammering 
or bending. 

Perhaps the earliest reference to this subject is that of Heyn^ in 1900, 
and among the later observers may be mentioned Archbutt, ^ Bengough 
and Hill,^ Johnson,^ Mathewson and Thalheimer,® and Ruder.® Ben- 
gough and Hill, while working with arsenical copper, were the first to 
suggest the possibility of the formation of gases within the copper itself, 
while Ruder endeavored to explain the action by the reduction of the 


* Metallurgist, research laboratory, Westinghouse Elec. & Mfg. Co. 

^ E. Heyn : Die Umwandlung des^ Kleingef iiges bei Eisen und Kupfer durch 
Formanderung im kalten Zustande und daraiil folgendes Ausgluhen. Zeitschrift 
vereines Deutscher Ingenieure (1900) 44 , 508. 

2L. Archbutt: Determination of Oxygen in Copper. Analyst (December, 1905) 
30 , 385.. 

*G. D. Bengough and B. P. Hill: Properties and Constitution of Copper-arsenic 
Alloys. Journal, Institute of Metals (1910) 3, 34. 

* F. Jolgison: A Method of Improving the Quality of Arsenical Copper. Journal, 
Institute of Metals (1913) 10 , 275. 

*C. H. Mathewson and E. M. Thalheimer: Comparisons between Electrolytic 
Copper and Two Varieties of Arsenical Lake Copper with Respect to Strength and 
Ductility in Cold-worked and Annealed Test Strips. Trans. (1916) 66, 446. 

* W. E. Ruder: The Brittleness of Annealed Copper. Trans. American Electro- 
chemical Society (1916) 29, 515. 
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cuprous oxide, leaving a spongy mass having little mechanical strength. 
The possibility of a direct action of the hydrogen on the copper, forming 
hydrides, has received but scant support. Quantitative measurements 
of the effect of the action on the strength and other properties of elec- 
trolytic and arsenical copper may be found in the papers by Bengough 
and Hill, and Mathewson and Thalheimer, cited above. 

For the sake of simplicity, attention has here been confined mainly 
to commercial-conductivity copper, non-arsenical, with 0.05 per cent, oxy- 
gen, and about 0.015 per cent. lead. A preliminary study of the effects 
of reducing gases on hot copper was made by passing the desired gas 
over a length of soft copper strip heated in an electric furnace. After 
30-min. exposure to hydrogen at 800° C. there was a marked deterioration 
in the quality of the copper. Whereas initially it was quite ductile and 
resistant to bending, after this treatment it was extremely weak and fri- 
able, as evidenced by its inability to withstand even slight bending. 

After similar treatment in natural gas and in carbon monoxide, the 
same phenomenon was observed, but the deterioration was less strongly 
marked with the latter gas. Similar treatment in an atmosphere of steam 
caused no observable change in physical quality. 

The microscopic appearance of the copper before treatment is shown 
in Fig. 11; it is homogeneous, with a uniform distribution of CU 2 O 
particles. After heating in hydrogen, it has become very porous (Fig. 12) , 
each CU 2 O particle has been replaced by a void and, in addition, there are 
large angular cracks which, as shown by etching, follow the grain bounda- 
ries. This observation agrees with the micrographs given by previous 
investigators. The copper samples heated in natural gas and in carbon 
monoxide were similar in appearance, but the action was less marked. 
In no cases could unreduced grains of CU 2 O be detected. 

Physical JEffect of Hydrogen on Copper 

From the results of preliminary experiments, hydrogen seemed 
to be the most active of the several reducing gases tried, and it appeared 
likely that in a mixture of such gases hydrogen would play the predomi- 
nant part. It is likely that any hydrocarbons present would decompose at 
the temperatures used, and the action would be traceable to the simple 
gases formed (H, CO, etc.). 

The physical effect of heating copper in contact with hydrogen was 
studied with a number of copper strips, % by 0.048 in. (15.9 by 1.2 mm.). 
The oxygen content of this copper was 0.05 per cent, and the material, 
received in a dead soft condition, showed satisfactory physical properties. 
These strips were electrically heated at various temperatures in a small 
tube furnace, evacuated to prevent excessive oxidation, and after the 
desired temperature had been attained, as measured by a small Pt- 
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PtRh thermocouple lying at the center of the piece, hydrogen was ad- 
mitted and passed through the furnace tube over the strip for 30 min. 
At the end of that time the strip was withdrawn and cooled in the air. 
A rough measure of the effect of this treatment was made by noting the 
number of 180® bends over a radius of about in. (6.3 mm.) the strip 
would stand before breaking. The effect of complete hydrogenation is so 
marked that this was found to be a sufficiently sensitive test, though 
giving comparative values only. The following table gives the results 
obtained, which are plotted in Fig. 1. 



Temperature of Heating 


Fig. 1. — Effect of hydrogen on copper strips. • 
(Length of heating, 30 min.) 


Table 1. — Effect of Heating Copper Strips in Hydrogen 


Temperature 

No. Bends to Break 

Temperature 

No. Bends to- Break 

(As received) 

9 

o 

O 

1 

400° 

9 

850° 

1 

500 

7 

950 1 

] 

600 

4 

o 

o 

1 

700 

2 

1 



That this deterioriation in quality was due to the hydrogen and was 
not an annealing effect was shown by heating similar strips at 400® and 
800® in air (reduced pressure), after which no change in tenacity could 
be observed. 

It will be noticed that the deterioration starts between 400® and 500® 
C. — welt below a red heat — and increases in severity as the temperature 
of heating becomes higher. An idea of the rate at which this action takes 
place may be obtained from Fig. 2, in which the bending qualities, after 
exposure to hydrogen for varying lengths of time at 800® are plotted. In 
10 min. the deterioration is complete. 
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Typical examples of the structures encountered after hydrogenation 
are shown in Figs. 12 and 13. 


Nature of Hydrogenation 

The mechanism of the action during exposure of copper to liydrogen 
appears to be as follows: Commercial-conductivity copper contains 
various impurities, all, except oxygen and occasionally lead, being meas- 
ured in thousandths of a per cent. Oxygen normally occurs from 0.03 
to 0.08 per cent, in the form of CU 2 O mechanically mixed with the metal- 
lic copper. The presence of this quantity of CU 2 O seems to be necessary, 
in order to avoid the reduction of metallic impurities in the slag from the 
oxidized to the metallic condition, during refining, and to promote 
soundness in casting. If hydrogen is physically soluble in solid copper 
at high temperatures, this gas would penetrate the metal, attack and re- 



Iien£:th of-Heatinsr, Minutes 

Fig. 2. — Effect of hydrogen on copper strips at 800° C. 

duce the grains of CU 2 O, with the formation of steam, according to the 
equation 

CU 2 O + H 2 = H 2 O + 2Cu. 

After this reduction, the volume of the copper is but 60 per cent, of the 
volume of the CU 2 O from which it was reduced, thus leaving voids mark- 
ing the site of the original oxide granules and approximating 40 per cent, 
of the space formerly occupied by them. 

If steam is physically less soluble in copper than hydrogen, it will 
accumulate in these pockets at a rate faster than it can dissolve in the 
copper and diffuse away, and the net result of the reaction would be the 
formation of a quantity of steam within the voids left by the CU 2 O, 
and at considerable pressure. A rough calculation of the magnitude of 
the pressure possible at 800° C., assuming the steam to be completely 
insoluble in the copper, showed that 8000 to 9000 atm. would develop 
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if there were no yielding in the copper. The investigations of Bengough’ 
on the tensile properties of copper at high temperatures have shown that 
as the temperature rises the tensile strength fklls off rapidly until a '^me- 
chanical critical temperature'^ is reached between 600° and 750° C., 
varying apparently with the nature and quantity of impurities present. 
Above this temperature the tensile strength diminishes linearly to zero 
at the melting point, and in this range the copper is characterized by ex- 
treme intercrystalline weakness. Now the combination of considerable 
internal pressure (steam), with lack of intercrystalline cohesion, forces 
the grains apart until relief is obtained (see Fig. 18). Deoxidation alone 
cannot account for the weakness developed, for it is not clear why the 
substitution of a small void for a small particle of very brittle cuprous 
oxide should weaken the surrounding metal. A careful examination 
of copper strips heated at 800° in hydrogen showed that a mechanical 
swelling takes place coincident with the formation of intercrystalline 
ruptures. The strip increased in thickness by 4 per cent, and in width 
by 1.5 per cent, while decreasing about 4 per cent, in density. This 
decrease in density is not due solely to voids left in the metal by the 
reduction of the cuprous oxide, as the decrease noted was 130 times as 
great as the observed loss in weight due to removal of oxygen. The 
resultant weakness of the copper after this action is due simply to the 
absence uf mechanical coherence between individual grains within the 
puffed copper. 

Permeability of Copper to Hydrogen, Steam, Carbon Monoxide 

AND Carbon Dioxide 

In order to verify the explanation given for the "puffing" of copper, 
the relative permeabilities of several reducing gases and their oxides 
were determined. The method employed was to observe* the change in 
pressure within an evacuated thin-walled copper tube heated in an 
atmosphere of the gas in question, in a nichrome-wound quartz-tube 
furnace. The copper tube extended throughout the length of the fur- 
nace, one end of it being pinched and sealed with solder, and the other 
waxed to the glass vacuum system. An optical-lever manometer® was 
used to measure the slight increments in pressure over the initial pres- 
sure (5 mm.), and by reducing the volume auxiliary to the copper tube 
to the least possible amount, a sensitive arrangement was obtained. In 


’ G. D. Bengough: A Study of the Properties of Alloys at High Temperatures. 
Journal^ Institute of Metals (1912) 7, 123. 

G. D. Bengough and D. Hanson: Tensile Properties of Copper at High Tem- 
peratures. Journal, Institute of Metals (1914) 12, 56. 

• A modification of that described by J. E. Shrader at the Pittsburgh meeting of 
the American Physical Society, Dec., 1918. 
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use, both the copper tube and the enclosing furnace tube were evacu- 
ated until a steady temperature was reached, measured with a small 
Pt-PtRh couple adjacent to the copper tube, and then the desired gas 
was introduced, flowing slowly through the quartz furnace tube at atmos- 
pheric pressure. This arrangement is shown in Fig. 3. 

The hydrogen and carbon dioxide were taken directly from pressure 
tanks; the carbon monoxide was generated by the action of sulfuric 
and formic acids, the gas being dried before entering the furnace; the 
steam was introduced wet at atmospheric pressure. 



After some experimentation, 700° C. was chosen as a temperature suit- 
able for making measurements of the comparative rates of diffusion of 
these gases through copper. Curves giving the observed change in pres- 
sure inside the copper tube, due to diffusion of the gases through its walls, 
are shown in Fig. 4. The following table gives comparative measure- 
ments, the rate of diffusion being taken as the maximum slope of the 
pressure-time curve, referred to hydrogen as 1000 units. 

Table 2 . — Rate of Diffusion of Gases Through Copper at 700° C. 

Diffusion 

Gas Rate 

H 2 1000 

H20 65 

CO 17 

CO2 0.6 
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It will be seen that hydrogen will diffuse into copper approximately 
15 times as fast as water, formed by the reaction of hydrogen on CU 2 O, 
can diffuse out; and similarly, that carbon monoxide diffuses through 
copper about 25 times faster than the carbon dioxide formed when it 
reduces the cuprous oxide. 

This result seems to confirm the above explanation, that the weakness 
experienced by copper containing disseminated oxide, after exposure 
to reducing gases at high temperatures, is due to the internal fractures pro- 



Time -Minutes 

Fig. 4. — Diffusion of hydrogen, steam, carbon monoxide, and carbon dioxide 

THROUGH copper AT 700° C. 


duced by the expansive action of a gas which is formed by the reduction 
of each oxide granule at a rate much faster than that at which it can dis- 
solve in the copper and diffuse away. 

An interesting check on the regularity of the measurements is that 
if the logarithm of the rate of diffusion, as found above, is plotted against 
the molecular weight of the gas, a straight line is obtained. 

Xhe transmission of hydrogen through copper was further studied 
by making diffusion measurements at a number of temperatures. The 
arrangement of the apparatus was the same as that described above, 
except that at temperatures above 700°, when diffusion was rapid 
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and the pressure change considerable, a direct-reading mercury mano- 
meter was used. The results, shown graphically in Figs. 5 and 6, are 
as follows, the rate at 700° being considered unity. 


Table 3. — Diffusion of Hydrogen Through Copper 


Temperature 

950° C. . . 

850 

750 

700 

500 

400 


Rate op 
Diffusion 

17.0 
10 0 
2.6 
1 0 
0 54 
0 008 


Plotting the rate of diffusion against temperature, the curve (Fig. 7) 
first shows appreciable diffusion between 400° and 500°, and rises 



sharply beyond 700°. This agrees with the observations made on the 
physical effects of hydrogenation, recorded above, in which incipient de- 
terioration in quality was noted in this same temperature interval. The 
diffusion rate measured at 800° and above is probably in excess of the 
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true rate of diffusion, due to the known fact that at these temperatures 
the fissures produced by the reaction on the oxide are of sufficient size 
to make the tube permanently porous. 


Reduction of Cuprous Oxide by Hydrogen 


To check the dependence of hydrogenation upon the diffusion rate 
of hydrogen through copper, a series of solid copper strips were exposed 
to hydrogen at temperatures between 200° and 900° for varying lengths of 



Time - Minutes 


Fig. 6. — Diffusion of hydrogen through copper. 


time. Since cuprous oxide is readily reduced to metal by hydrogen 
at 147° C.,^ it is evident that the depth to which the reduction of the oxide 
granules has taken place is a measure of the depth to which the hydrogen 
haiS diffused, assuming that the hydrogen concentration necessary before 
reduction takes place is small. Cross-sections of these copper pieces 
were made and the depth of deoxidation was measured. It was found 
that the deoxidized envelope surrounding the central oxide-containing 
core, while not sharply defined, was of rather uniform thickness in indi- 


» C. N. Otin: Metallurgie (1912), 9 , 98. 
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vidual samples. A representative example of this penetrati6n is shown 
in the micrograph, Fig. 14. The curves in Fig. 8 show how the depth 
of this layer varies with the time of exposure. There was no observable 



300 400 500 600 700 800 900 

Temperature 

Fig. 7. — Rate of diffusion of hydrogen through copper. 


reduction of internal oxide particles at 400° after an hour’s exposure, 
nor at any temperature below this. Taking the values of the initial 
slopes of this family of curves as proportional to the rate of diffusion, 



Time of Exposure • Minuteil 

Fig. 8. — Penetration of hydrogen into copper. 

and plotting these values against the temperature, a curve is obtained 
(Fig. 9) very similar to the diffusion curve as measured by the copper 
tubes, but not influenced by the opening of minute creAuces as the reduc- 
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tion of oxide proceeds. Active diffusion becomes apparent between 400° 
and 500° C. 

A comparison between the two determinations is given in Fig. 10, 



Fig. 9. — Rate op diffusion op hydrogen into copper. 

(Using reduction of cuprous oxide particles as indicator.) 

where the two diffusion curves are plotted to the same scale, i.e., relative 
rates of diffusion compared with the rate at 700° as unity. The diver- 
gence above 700°, due to the influence of the increasing porosity of the 
copper tubes, is apparent. 
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Fig. 10. — Relative rates of diffusion op hydrogen through copper. 

Influence of Oxygen Content 
The oxygen content of the copper strips used in all the foregoing 
work was 0.05 per cent. Copper strips containing larger quantities of 
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oxygen were obtained, and were given similar exposures to hydrogen, 
i.e., 30 min. at 800°. A quantitative measure for the disruption of the 
copper is not easy to find, but an examination of the micrographs, 
Figs. 15 to 18, shows that as the oxygen content increases, the severity 
of the action also increases. The photographs are from unetched 
surfaces and the grain outlines are due wholly to the intercrystalline 
ruptures. A consideration of what happens during hydrogenation shows 
that it is not oxygen content alone that determines the severity of the 
action. The reaction that takes place when a particle of cuprous oxide 
is reduced to metallic copper is quantitative; the volume of the resulting 
void is definite, depending on the specific volumes of copper and cuprous 
oxide, and the quantity of water formed, existing as a gas and filling this 
space, is also definite. At a given temperature the ratio of these two 
quantities determines the pressure, but this ratio is independent of the 
total quantity of oxide present. The actual pressure, then, is a function 
of the temperature. 

At high temperatures the cohesion "between two copper grains is 
much less than the point to point cohesion within one of them, so that it 
is only the gas-filled pockets that happen to lie along a grain boundary 
that are operative in causing rupture. Since this is so, cast copper, 
in which all the oxygen present is concentrated along the grain 
boundaries as a cuprous oxide-copper eutectic, is peculiarly susceptible 
to hydrogenation. This is strikingly shown in Figs. 19 and 20, which 
is a cast copper containing but 0.02 per cent, oxygen, and Fig. 21, showing 
a piece of cast copper containing 0.50 per cent, oxygen (more than the 
eutectic concentration) before and after hydrogenation. In the latter 
case, the explosive action of the gas formed has completely shattered 
ihe metal. 

In wrought copper, during the process of rolling, the oxide particles 
become thoroughly mixed with the metal, the recrystallization taking 
place with complete disregard of their presence, so that the situation 
of an oxide granule at a grain boundary is governed simply by chance. 
An increased oxygen content increases the severity of hydrogenation 
in wrought copper only because of the greater possibility of oxide granules 
to lie along the grain boundaries. 

From the nature of the action which causes the mechanical deteriora- 
tion, it is not expected that any chemical or heat treatment short of 
remelting would restore hydrogenated copper to its former condition. 
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Fig. 11, — Rolled copper, 0 = 0.05 
PER CENT. Untreated, x 100. 


Fig. 12. — Same as Fig. 11, heated 30 
MIN. AT 800° C. IN HYDROGEN. X 100. 
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Fig. 15. — Rolled copper, 0 = 0.09 Fig. 16. — Same, heated 30 min. at 
PER CENT. Untreated. X 100. 800° C. in hydrogen. X 100. 
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Fig. 17. — Rolled copper, 0 = 0.21 Fig. 18. — Same, heated 30 min. at 
PER CENT. Untreated. X 100. 800° C. in hydrogen. X 100. 



Fig. 19. — Cast copper, 0 = 0.02 per Fig. 20. — Same, heated 30 min. at 
CENT. Untreated. X 100. 800° C. in hydrogen. X 100. 



Fig. 21. — Cast copper, 0 = 0.50 per cent., before and aiter heating in 
HYDROGEN AT 850° C. NaTIJRAL SIZE. 
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DISCUSSION 

W. H. Bassett,”' Waterbury, Conn, (written discussion f). — The 
effect of reducing gases on hot solid copper has been known for many 
years in the copper industry, and precautions taken to guard against 
it in the general practice in copper heating and annealing. In view of 
the statement that Bengough and Hill, in 1910, were the first to suggest 
the possibility of the formation of gas within the copper itself, it is in- 
teresting to note that in Harper's Magazine for April, 1904, an article, 
''Life and Diseases of Metals, by Professor Heyn, illustrated the effect 
of reducing gases on copper by a photograph, which is shown in Fig. 1. 
This he entitled "Copper burst asunder by disease.'’ 

After referring to the effect of hydrogen on steel, he makes the following 
remark: 

"Similar symptoms of poisoning, caused by hydrogen or gases containing hydrogen 
(as gas for lighting purposes), are apparent in copper when exposed to red heat. Not 
every kind of copper is susceptible to this poisoning in equal degree. Copper per- 
fectly free of cuprous oxide is entirely exempt from poisoning. Most of the various 
coppers of commerce, however, contain cuprous oxide, formed during the smelting 
process while exposed to atmospheric influences. In such coppers, containing 
cuprous oxide, hydrogen causes a terrible disease on the copper being heated red hot. 
The copper bursts asunder and is permeated by cracks. This disease is practically 
incurable and can be eradicated by resmelting only. The results work destructively 
according to the amount of cuprous oxide contained in the copper.” 

It must have been evident to Professor Heyn, as it was to us on read- 
ing this article, that the bursting asunder of the copper was due to the 
formation of steam. Practical copper heaters have known for many 
years that it was quite possible to produce blisters, or large gas holes, 
in the interior of copper plates or bars by heating to a high temperature 
in reducing gases. These facts, of course, do not detract from the value 
of the study of the action of hydrogen gas that has been made by Mr. 
Pilling, but simply illustrate that the practical effect of reducing gases 
on furnace-refined copper has long been a troublesome factor in the heat- 
ing or annealing of that metal. 

It would be very interesting to know what Mr. Pilhng means by 
"commercial-conductivity” copper, since the usual terms under which 
copper is specified are electrolytic or lake copper; the lake being divided 
into two grades known as low-resistance, or high-conductivity, and 
high-resistance, or low-conductivity copper. The electrolytic and low- 
resistance lake copper are both non-arsenical. 


* Technical Superintendent and Metallurgist, The American Brass Co. 
t Received Nov. 27, 1918. 
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The lead figure given is somewhat surprising, because copper with 
0.15 per cent, lead could be hot rolled only with great difficulty. This 
amount of lead would result in the serious cracking of edges in plates 
and cross cracking in rods. Ordinarily good electrolytic or lake copper 
does not carry more than 0.001 or 0.002 per cent, of lead. 

We cannot quite agree with the author that oxygen normally occurs 
mechanically mixed with metallic copper in the form of CU 2 O. Furnace- 
refined copper, whether cast or wrought, is usually thought of as an alloy 
of copper with cuprous oxide, and the eutectic of copper with cuprous 
oxide is usually found between the crystals of pure copper, whether 
in the cast or the wrought form. It is true that there may be inclosures 
of eutectic within the grains of pure copper, particularly in the wrought 
material, but there is strong evidence for believing it occurs mainly 
between the grains. This is indicated in Figs. 2 and 3, which show the 
surface of wrought copper, in which the grains are strongly outlined, 
or parted, and where the spots resulting from reduction of suboxide in 
eutectic appear more frequently on the grain boundaries than elsewhere. 
This condition is also shown in Figs. 4 and 5, which show a cross-section 
of a rectangular bar of copper, where the grains are separated in the 
deoxidized part and the deoxidized part is partly separated from the mass 
of the material, probably because it occupies a larger volume than it 
originally did. The effects of rolling material of this kind* where the 
grains have been separated by deoxidation are shown in Fig. 6. 

The effect of various gases on refined copper is shown in a series of 
four micrographs of copper that has been heated to 800° C. The first. 
Fig. 7, shows the effect of hydrogen on refined copper; the second, Fig. 8, 
the want of effect of hydrogen on copper that has been deoxidized by 
boron-sub oxide; the third, Fig. 9, the effect of carbon dioxide on refined 
strip copper; and the fourth, Fig. 10, the effect of nitrogen on similar 
material. The larger the amount of oxygen, the greater is the effect 
of reducing gases. For instance, two lots of strip copper that had been 
taken from bars coming from the same furnace charge, one containing 
0.094 per cent, of oxygen and the other 0.015 per cent, of oxygen, were 
reduced in tensile strength by annealing for 1 hr. in an atmosphere 
of illuminating gas at 600° C. the amounts here shown. 


Sample 

Original Tensile 
Strength, 

Lb. per Sq. In. 

Tensile Strength 
After Gassing, 

Lb. per Sq. In 

Original Elongation 
in 2 In., 

Per Cent. 

Elongation After 
Gassing, ^ 
Per Cent. 

L-1 

34,000 

33,500 

24,350 

! 

36.5 

13.0 

L-11 

28,150 

38.0 

26.3 
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Fig. 3. Fig. 4. 



Fig. 5. Fig. 6. 

Plate I. — Figs. 2 to 5 etched with ammonia and hydrogen peroxide. X 75. 
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This indicates a reduction of 28.3 and 16 per cent., respec- 
tively, in tensile strength; and 64 and 44 per cent., respectively, in 
elongation. 

The presence of arsenic apparently protects copper from the action 
of reducing gases to some extent, while the presence of nickel has the 



Fig. 9. Fig. 10. 


Plate II. — Etched with ammonia and hydrogen peroxide. X 75. 

opposite effect The rate of penetration by reducing gases does not 
seem to be greatly affected by the amount of oxygen alloy present, 
as may be noted from Fig. 11, which gives the depth of penetration 
of both hard and annealed copper rods 0.364 in. in diameter for 1 hr. 
heating at various temperatures in an atmosphere of illuminating gas. 
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Norman B. Pilling (author^s reply to discussion*). — The discus- 
sion by Mr. Bassett raised one or two points that deserve further 
discussion. The printed figure for the lead content of the copper used 



Fig. 12. — Rolled and annealed sheet. Etched with ammonia and hydrogen 

PEROXIDE. X 75. 

was 0.015 per cent, and not 0.15 per cent., upon which his comment 
was based. A copper having the latter figure would, of course, be quite 
unusual. Mr. Bassett takes exception to the writer’s statement regarding 
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the distribution of cuprous oxide in wrought copper and states that ^Hhe 
eutectic of copper with cuprous oxide is usually found between the crystals 
of pure copper, whether in the cast or the wrought form/' While it is 
very well known that during the solidification of cast copper the cuprous 
oxide is segregated completely as an envelope of cuprous oxide-copper 
eutectic around the crystals of copper free from oxide, it is the writer's 
opinion that, as a result of repeated rolling, this eutectic structure is 
quite destroyed and the small particles of cuprous oxide become widely 
scattered, and in the recrystallization following, during annealing, the 
rearrangement of the grain boundaries takes place with much indifference 
to the actual distribution of these particles. In the accompanying 
micrograph, Fig. 12, taken from a rolled and annealed sheet, the random 
distribution of the small cuprous-oxide particles with reference to the 
location of the grain boundaries may be seen. 
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Spectroscopic Determination of Lead in Copper 

BY C. W. HILL,* PH. D., AND G. P- LXJCKEY, M. A., PITTSBUKGH, PA. 

(Milwaukee Meeting, October, 1918) 

In a previous article^ preliminary experiments were described, in- 
dicating the possibilities of a quantitative spectroscopic method for 
the determination of small amounts of lead in copper, which would be 
accurate and rapid, and could be carried out in the refining plant by one 
not skilled in chemical analysis. The present paper deals with the devel- 
opment of the method in the factory, giving the details of apparatus and 
its standardization, and presenting a comparison of the accuracy of the 
method with that of the standard electrolytic determination. (For 
variations and other applications of the method, the reader is referred 
to the first article.) 



Fig. 1. — Steps in the elimination of lead. 

(The lead line, at point 405.8 in the violet portion of the spectrum, is seen between the two copper lines, 
402.29 and 406.29, lying close to the latter. The crowded faint lines are due to the carbon arc.) 


Outline op Method 

A carefully weighed sample (0.4 gm.) of the copper to be tested is 
placed in a cavity in a graphite positive electrode. An arc capable of 

* Research Chemist, Westinghouse Elec, and Mfg. Co. 

^Proceedings^ American Electrochemical Society (1918) 32, 335. Metallurgical 
and Chemical Engineering (1917), 17 , 659. 
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regulation is struck, and maintained under constant conditions between 
the copper^sample and a rotating upper carbon electrode. A spectroscope 
is so adjusted as to observe the lead hne (405.8 juju), as shown in Fig. 1. 

With a stop-watch, the time is determined between the melting of 
the copper sample and the disappearance of the lead Hne from the spec- 
trum. This time is proportional to the lead content of the sample, the 
exact values depending upon the apparatus employed. The apparatus 



Fig. 2. — Plan of testing room. 


is calibrated with samples of known lead content and a time-lead curve is 
established for the apparatus. Where minimum values alone are re- 
quired, the time of disappearance of lead from a sample of satisfactory 
copper is taken as a standard, and the refining process is continued until 
furnace samples show a time equal to or less than the standard. 

Apparatus 

The apparatus and its arrangement as finally installed are shown dia- 
grammatically in Fig. 2 and in the photograph Fig. 3. A full description 
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of the various parts of the apparatus will be found in Appendix 1. On 
account of conditions due to the war, we were unable to purchase a spec- 
troscope suitable for the work, and were forced to use a grating, which 
required more space. 



Fig. 3. — Arrangement of testing apparatus. 


A — Graphite positive electrode. 
B — Neg. electrode and contact. 
C — Electrode pulley. 

D — Arc-length control. 

E — ^Lens. 

F — Prism and slit. 


G — End of 5-ft. box. 

H — Eye-piece. 

I — Screen. 

J — Motor-generator switch. 
K — Motor-generator rheostat. 
L — Arc switch. 


M — Series resistance knob. 

N — Rotating electric switch. 
O — Rotating electric motor. 
P — Joly balance. 

0 — Ammeter. 

R — Colored-glass screen. 


Standardization of Apparatus 

Our first two attempts to standardize the apparatus were not suc- 
cessful. However, we shall give some of the details regarding them, 
since they throw some light on the relative accuracies of the spectroscopic 
and electrolytic methods for small quantities of lead. The three methods 
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of calibration were: (1) checking routine analyses; (2) comparative analy- 
ses of large samples; (3) comparative analyses of synthetic samples. 


Checking Routine Analysis 

For a period of several weeks, the spectroscope was used in comparison 
with regular routine analyses by the electrolytic method. (Description 
of method will be found in Appendix 2) . The results seemed to check the 
work of some of the chemists quite accurately, but at best the uncertainty 
was too great to establish a calibration. 


Analysis of Large Samples 

Five large samples of copper shot were made by selection from regular 
furnace runs on the basis of the routine test. These were submitted to 
three chemists for chemical determination of lead, and were examined 
in the spectroscope. We were still unable to check the chemical method, 
and consequently returned the samples for repeat analysis, including 
repeat samples on regular routine tests. The values obtained are given 
in Table 1. The analyses on the special samples were made by three 
chemists, two of them using a 10-gm. sample and one a 25-gm. sample, 
working independently. 


Table 1. — Lead Contents of Special Samples 


No. 

Original Anal 
Chemists 

by 3 

Av. 

Check by 3 
Chemists 

Av. 

Check by 2 
Chemists 

Av. 

1 

0.005 

0.006 

0.005 

0.005 





0.005 

0.005 

0.005 

2 

0.005 

0.005 

0.007 

0.007 

0.012 

0.012 

0.012 

0.012 




3 

0.010 

0.010 

0.010 

I 0.010 

0.012 

0.012 

0.015 

0.013 




4 1 

0.015 

0.015 

0.015 

0.015 

0.013 

0.013 

0.013 

0.013 

0.014 

0.017 

0.015 

5 i 

0.020 

0.0201 

0.020 

0 . 020 ! 




1 

0.022 

0.022 

0.022 


Lead Contents of Furnace Sarmples 


Original Analysis 

0.012 

0.017 

0.018 

0.022 

0.027 


Check Analysis 

0.005 

0.008 

0.017 

0.020 

0.038 


As might be expected, the routine analyses, which are often rushed, 
do not show the accuracy of the special analyses. From the results given, 
and from an extended investigation of the electrolytic method in our 
analytical laboratory by others, it appears that the possible error in the 
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electrolytic method is of the order of 0.003 per cent, for careful work, and 
0.005 per cent, for rapid routine tests. 

The readings, in seconds, by the spectroscopic method for the special 
samples are given in Table 2. These are averages of ten readings by 
two observers, A and B, For comparison, the percentage of lead is cal- 



Lead ( TLouaandths Percent ) 

Fig. 4. — Calibration curve, on synthetic samples. 

(10 ampenes, 220 volts. Arc, 1 cm. long. Upper carbon, in- Lower graphite, in.) 


culated from the time and the time-lead curve, after this had been estab- 
lished with synthetic samples. The errors expressed are the average 
deviation from the mean, and would probably represent the order of the 
possible error. 
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Table 2. — Comparison of Spectroscopic and Analytic Methods 



Spectroscopic Method 



No. 

Time in 

Seconds, 2 Observers 

Per Cent. Lead 

Per Cent. Lead 
by Analysis 

Difference 


A 

B 

Av. 

I from Curve 



1 

65 ±4 

76 ±7 

70 + 5 

0.009 + 2 

0.005 + 4 

0.004 

2 

107 ±3 

98+5 

103+4 

0.017 + 2 

0 . 009+4 

0.008 

3 

94 + 9 

104 + 7 

99 ±8 

0.016 + 2 

0.012 + 3 

0.004 

4 

88 + 4 

90+8 i 

89+4 

0 . 014±2 

0.014 + 2 

0.000 

5 

122+2 

125+8 1 

i 

124 + 4 

0 . 021+2 

0 . 021+3 

0.000 


It is to be noted that we have been dealing with the accidental errors 
of the two methods, and that we have not attempted to express the prob- 
able error. The figures indicated the existence of systematic errors, 
since the determinations by the two methods differ by more than the 
possible error of each. These differences are the greatest with samples 
of small lead content, the electrolytic method being uniformly lower than 
the spectroscopic. It is known that the electrolytic precipitation of the 
oxidized lead is not complete under certain conditions, and the 
systematic error would tend to give low results. If we select the highest 
individual chemical analysis we have a much better agreement between 
the two methods. Since the spectroscopic method is standardized under 
the conditions of operation, any systematic errors in the method will be 
included in the standardization, and we are therefore concerned only with 
the accidental errors. 


Synthetic Samples 

Synthetic samples were made in the laboratory by adding a carefully 
weighed amount of pure lead to the required amount of molten pure cop- 
per (Cu 99.963 per cent.) in new fire-clay crucibles under charcoal cover, 
mixing thoroughly and pouring into fine shot. 

The spectroscopic readings were made by the furnace foreman who 
will use the method in control of the refining furnace. It should be 
noted that this observer is not experienced in the use of the spectroscope 
and his training has been in factory production rather than in investiga- 
tive work. The readings were taken at random, so the observer could 
have no indication of the lead content of the sample under test. The in- 
dividual readings are given in Table 3, and from these the averages and 
errors are calculated. The time-lead curve arising from these readings 
is shown in Fig. 4. (In regular factory operation the known samples 
will be run at regular intervals so that any incorrect adjustments will 
be detected.) This is clearly the best method for standardizing the 
apparatus. 
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Table 3. — Time {Seconds) on Synthetic Samples 


Per Cent. Lead 

o.ooojo.003 

0.005 

0.008 

0.010 

0.015 

0.022 

0.025 

0.030 

0.040 

0.050 

Time, sec 

0 

27 

45 

56 

60 

87 

122 

142 

179 

203 

229 


0 

50 

30 

59 

70 

111 

125 

149 

171 

193 

205 


0 

50 

53 

55 

94 

90 

104 

139 

170 

201 

207 


0 

43 

44 

51 

66 

80 

115 

130 

161 

160 

205 


0 

30 

45 

75 

93 

86 

111 

156 

138 

180 

236 



38 

37 

71 

78 

98 

116 

132 

138 

208 




34 

44 

66 

79 

102 

117 

123 

158 

168 




26 

68 

67 

70 

134 

112 


127 

191 






71 


120 




212 


Average 


38 

46 

65 

70 

94 

117 

138 

156 

188 

216 

Av. deviation 


9 

7 

7 

8 

9 

5 

9 

18 

14 

13 

Prob. error 


3 

4 

2 

3 

3 

2 

3 

9 

14 

6 


High-lead Samples, — For the sake of completeness, a few tests were 
run on samples with lead content much above that usually determined 
in copper refining; results are given in Table 4. On account of the smaller 
number of observations, the probable error is greater than in the samples 
of small lead content. 


Table 4. — Readings on High-lead Samples 


Per Cent. Lead 

, 0.100 

0.150 

0.200 

0.300 

Time, sec 

240 

260 

290 

408 


228 

250 

352 

456 


245 

226 

292 

450 


222 

269 

345 

448 


248 

330 

319 

437 

Average 

236 

267 

320 

440 

Av. deviation 

8 

29 

22 

14 

Prob. error 

4 

12 

10 

6 


Doubt may naturally arise as to possible loss of lead in making the 
synthetic samples. John Johnston^ gives the vapor pressure of lead at 
1176° C., according to Greenwood’s experiments, as 0.022 atmosphere, 
or 16.7 mm. Hg. Using the equation by Johnston for calculating the 
vapor pressure, we obtain 15.2 mm. for the same temperature. It is 
certain that our samples were not heated so high as this and as they 
were made rapidly it is obvious that the loss of lead must have been 
slight. The vapor pressur-e of lead dissolved in molten copper would be 
less than that of lead alone, at the same temperatures. The close 
agreement of the analyses by the two methods on special samples No. 4 


^ Journal Industrial & Engineering Chemistry (1917) 9, 873. 
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and 5 would indicate no loss of lead in preparing the samples for 
standardization. 

Vakiations in Conditions 

The variables which might affect the accuracy of the method are : 

1. Size of sample. 

2. Uniformity of sample. 

3. Current variations. 

4. Variations in optical apparatus. 

5. Arc length. 

6. Drafts around electrode. 

7. Speed of rotation of electrode. 

8. Personal factor. 

1-2. Size and Uniformity of Sample , — It is obvious that the size of 
the sample is so small that the method cannot be used with material 
which is not homogeneous. Enlarging the sample to 1 gm. would hardly 
make the method applicable to this kind of material. If the furnace 
sample is properly taken, and is stirred before pouring into shot, we find 
no evidence of segregation of lead with the low-lead samples which we 
have been using. 

Error is possible in weighing out the sample. Where analytic bal- 
ances of the usual type are used it is an easy matter to weigh rapidly to 
0.001 gm. From the experiments with samples of different weights 
discussed in our previous paper, it is seen that the time of disappearance 
of a given unit of lead is not proportional to the weight of the sample. 
These experiments indicate that an error in weighing of 0.01 gm. would be 
necessary before the resulting determination of lead would be changed 
0.001 per cent. 

However, to be certain in this matter, samples having different 
weights were run, using one sample of low-lead content (0.005 per cent.), 
and one in which it is quite high (0.050 per cent,). Results are given 
in Table 5. 


Table 5. — Variation due to Weight of Sample 


Weight, Gm. 

0.005 Per Cent. Pb., Sec. 

0.050 Per Cent. Pb., Sec. 

0.397 

42 

205 

0.398 

51 


0.399 

48 

200 

0.400 

46 

210 

0.400 

54 

230 

0.401 

43 

220 

0.402 

43 

211 

0.403 

40 

220 

Average 

46 

214 

Standard (0.400) 

46 

1 

216 
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It is obvioiis that the small errors in weighing do not affect the lead 
determination. A systematic error in weighing would affect the standard 
samples with which the apparatus is checked from time to time, and would 
soon be detected. 

Using the Joly balance, the 0.4-gm. point of which was 45.0 on the 
scale, the following times were obtained with a sample containing 0.010 
per cent, lead, the standard time of which was 75 sec. 


Reading, Jolt Balance 

Time in Seconds 

44.5 

85 79 95 

45.0 

93 75 

45.5 

67 76 50 60 

Average 

75 sec. 


The Joly balance can be read within 0.05; hence the error in weighing 
with the balance will not influence the results. 

3. Current Variations. — The arc is somewhat unstable, but if sufficient 
series resistance is included on a high-voltage line, the variations in the 
arc, when set, are not sufficient to affect the determination. The current 
should be large enough to melt the sample readily and to keep the globule 
of copper at a uniform temperature. With low amperages, part of the 
bead is cold and erratic results are obtained. High amperage increases 
sputtering but gives better light. While our apparatus is standardized 
for 10 amp. at 220 volts, good results were obtained with 11 amp. With 
our apparatus the amperage fluctuates regularly from 9.75 to 10.25, and 
gives a good average of 10 amp., as shown in Table 6. 


Table 6. — Variation due to Fluctuating Current 


Current, Amp. 

0.005 Per Cent. Lead, Sec. 

0.010 Per Cent. Lead, Sec 

8 * 

48 54 

, 80 87 

* 9 

43 

; 75 

10 (Normal) i 

42 46 

75 76 

11 

41 40 

! 66 64 

12 

40 38 

58 58 

Standard 

46 

! 75 


It would appear that the current variation gives rise to an error 
of the first magnitude. However, with proper arrangement, the variation 
can be reduced to a range that will give accurate results. 

4. Variation in Optical Apparatus. — There can be no disarrangement 
of the optical apparatus which can affect its accuracy unless the operator 
attempts to observe the disappearance of small amounts of lead with an 
apparatus so poorly adjusted that the end is not distinct. One becomes 
accustomed to the proper setting and immediately notices any change in 
adjustment. 
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5. Arc Length , — While it is an easy matter to maintain a constant 
arc length, it is to be remembered that this will not affect the current. 

6. Drafts . — The arc should not be subjected to drafts of air, since 
these make the arc unsteady and cool the bead. While we have never 
attempted to shield the arc, it is quite possible that a properly devised 
shield would promote even greater accuracy. 

7. Speed of Electrode . — The speed of rotation of the electrode should 
be such as to center the arc and keep it from wandering. Too great a 
speed tends to drafts and sputtering of the arc. In our apparatus the rate 
is 1000 revolutions per minute. 

8. Personal Factor . — There appears to be a personal factor in using the 
method, but it is usually small and constant. One observer may read a 
certain number of seconds longer than another on the same sample; 
this is probably due to difference in the sensitivity of the eye. With 
experienced observers, and even with those who are new to the work, 
it has been possible for two observers to check each other months apart. 
Where there is more than one operator it would be safest for each to 
establish his own calibration curve, using the same standard samples. 

Advantages and Limitations 

It is obvious that the method can be used only on copper in which 
the lead is uniformly distributed throughout the samples. If care is 
taken in preparing the shot from the ladle, we have found no evidence 
of segregation. The occasional readings which vary widely from the 
average are, in all probability, due to arc wandering or unsteadiness, 
affecting the temperature of the molten copper. It is our experience 
that these exceptional readings are almost always high, and we have 
usually been able to associate such readings with irregularities in the 
arc. There is a tendency for small particles of the sample to be thrown 
out from the molten bead; this can be lessened by rotating the upper 
electrode more slowly and by cutting down the arc current. When 
reduced to a minimum it does not interfere with the test, but is accounted 
for in the calibration of the apparatus. 

The advantages of the method are facility and accuracy. The 
analyses can be made in the refining plant by the foreman or by some 
one who has at least a High School education. The process of refining 
can be followed rapidly, without holding the furnace for a chemical 
analysis. Even the last analysis, just before pouring, which requires 
the greatest accuracy, can be made in a few minutes, and the accuracy 
of the method at this point is greater than that of the chemical method. 

We are indebted to Messrs. Hineline and Nuzum for the spectroscopic 
tests on the special and synthetic samples, and to Messrs. Gwaltney and 
Dernier for the chemical analyses. 
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Appendices 


1. List of Materials 


Arc Apparatvs: 

Motor-generator set. 

Westinghouse 3-hp. ind. motor, 220-volt, 3-phase, style 170,906, 
Westinghouse 3-hp. d.-c. generator, 230-volt, style 212,677. 
Rheostat on motor-generator set, Westinghouse field rheostat, 30 ohms. 
Rheostat in series with arc, Westinghouse field rheostat, 200 ohms. 

250-volt style. 

J^-hp. motor, or smaller, for rotating electrode. 

3-pole, single-throw, switch for motor-generator set. 

2-pole, single-throw, switch for arc and motor. 

1 snap switch for motor on rotating electrode. 

Ammeter, d.-c., 0 to 15 amp., switchboard type. 

Arc adjusting outfit. 

Graphite cups and upper carbon electrodes. 

Remodeled drill press for rotating upper electrode. 


Optical Apparatus: 

Spectroscope or grating, with lens to focus arc image on slit. 


Accessories: 

Scale, or Joly balance. 

Screen for observing arc (colored glass). 
Stop-watch. 

Standard weight. 


2. Method of Chemical Analysis for Lead in Copper 

A 10-gm. sample is dissolved in 45 c.c. nitric acid (s.g. 1.40). The solution is 
boiled until evolution of nitric oxide fumes ceases, and it is then neutralized with 
ammonia. The precipitate is dissolved in nitric acid and 5 c.c. cone, acid is added in 
excess. The solution is then diluted to 125 c.c. and electrolyzed 30 min. with a 
current of 1 amp. at 25 volts. The electrode is a platinum gauze cylinder 2 in. 
high, in. diameter, with 10-mil wire, 50 to the inch, giving an anodic area of approxi- 
mately 15 sq. in. or 100 sq. cm. The electrode is washed in alcohol and dried at 180° C. 


3. Test of Joly Balance 

Instead of the regular analytic balance, it has been proposed to use a 
Joly balance, which may be cahbrated from time to time with a standard 
weight (0.4 gm.) equal to the copper sample to be used. For testing our 
Joly balance, the weights were 0.4000 ± 5 gm., and the readings (scale 
in centimeters) were: 


44.75 

44.80 

.62 

.60 

.75 

.75 

.70 

.75 

.75 

.78 

.80 

.75 

.80 

.75 

.80 

. 75 Average 44 . 75 ± 1 
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Repeated readings with the standard weight on the Joly balance gave 
ihe same values (44.75 ± 1). The Joly balance can be made equal if 
lot superior in accuracy to the analytical balance over a given range, and 
s more rapid. Probably the accurate types of torsion balance, such as 
nade by the Roller Smith Co., Bethlehem, Pa., and used for weighing 
amp filaments, might be used in this work, but they are rather expensive. 


voii. LX. — 23. 
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Volatilization of Cuprous Chloride on Melting 
Copper Containing Chlorine 

BY S. SKOWRONSKI,* B. 8., AND K. W. MCCOMAS,t B. 8., I’ERTH AMBOY, N. J 
(New York Meeting, February, 1919) 
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Purpose of Investigation 

Since cuprous chloride melts at 418° C., boils at 954° C. to 1032° C.,^ 
and is known to be volatile at a much lower temperature, the presence of 
chlorine in any form in or on copper to be melted has always been looked 
upon by copper refiners as a possible source of serious copper loss. Al- 
though this fact has been known for some time, the copper literature 
contains little or no information regarding it and the field seems never 
to have been properly investigated from a metallurgical standpoint. 

According to Greenawalt,^ cupric chloride, CuCb, when ignited gives 
cuprous chloride; therefore cuprous chloride is always formed when copper 
enters into reaction with chlorine at a high temperature. Cuprous 
chloride melts somewhat below a dull red heat, and does not volatilize 
in closed vessels, even if strongly heated, but if heated in the air it goes 
off as a white vapor. Hofman® gives the melting point of cuprous chloride 


* Head of Research Department, Raritan Copper Works, 
t Chief Chemist, Raritan Copper Works, 

1 Van Nostrand’s Chemical Annualj 162. New York, 1918. D. Van Nost- 
rand Co. 

* W. E. Greenawalt: Hydrometallurgy of Copper,” 163. New York, 1912. 
McGraw-Hill Book Co. 

* H. 0. Hofman: ** Metallurgy of Copper,” 57. New York, 1914. McGraw-Hill 
Book Co. 
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as 434° C. and states that it is volatile at 340° C. Prescott and Johnson^ 
quote Weltzien,® that if dry hydrochloric-acid gas be passed over heated 
copper, cuprous chloride is formed with the evolution of hydrogen. 

The reactions of cupric chloride and cuprous chloride at low tempera- 
tures have been carefully studied, since they form the basis of the Deacon 
process for the recovery of chlorine. The reactions involved in that 
process are as follows : 

2CuCl2-^Cu2Cl2 + CI 2 
CU 2 CI 2 + 02 “> 2 Cu 0 + CI 2 
2CuO + 4HCl-^2CuCl2 + 2 H 2 O 

These reactions are all reversible and large excesses of hydrochloric 
acid and oxygen are needed to make the reactions occur in the proper 
direction. In melting copper cathodes containing chlorides, however, the 
reverse is the case and the proportion of copper to chlorine is so large that, 
even if cuprous chloride did decompose with the formation of the oxide, 
the chlorine liberated should at once reform cuprous chloride because of 
the large excess of copper present. 

Samples of flue dust taken from the outgoing gases at the stack of the 
refining furnaces melting copper cathodes containing such a small trace 
of chlorine as to be undeterminable have shown that 15 per cent, of the 
total copper loss at that point was present as cuprous chloride. While 
the percentage loss was large, the average actual loss was small, amount- 
ing to 40 lb. (18 kg.) of cuprous chloride per charge or an equivalent of 
0.10 lb. (0.045 kg.) of copper per ton of copper melted. This loss was not 
large enough to warrant the installation of a costly recovery system, but 
emphasized the facts of a metallurgical copper loss due to chlorides and 
the possibilities of much larger stack losses on melting copper containing 
determinable quantities of chlorine. 

On melting copper known to contain chlorine, the fumes given off 
while charging the furnace have at times so inconvenienced the furnace 
men as to cause improper charging, materially cutting down the size 
of the charge and causing labor dissatisfaction. Fumes are also noticed 
in considerable amount when skimming a furnace charge containing a 
high percentage of chlorine, and occasionally the fumes from the fur- 
naces are so dense and penetrating as to render it necessary for the work- 
men to vacate the casting building. 

Furnace tests conducted some years ago on melting cement copper 
produced by the Henderson & Longmaid process, and containing 0.50 
per cent, of chlorine, showed a large loss of copper by volatilization as 
cuprous chloride. The tests, however, were not quantitative and no data 

^ A. B. Prescott and O. C. Johnson: '‘Qualitative Analysis,’^ 105. New York, 
1916. D. Van Nostrand Co. 

^ M. C. Weltzien: Annales de Chimie et de Physique^ Ser. 4 (1865) 6, 487. 
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were obtained as to the actual furnace losses. With the recent develop- 
ment of the hydro-electric treatment of copper ores, the cathode tonnage 
of which is now considerable and continually increasing, the problem of 
the volatilization of cuprous chloride, if present on the cathodes, is very 
important owing to the large factors involved. If all the chlorine present 
on the cathode sheets is considered volatile as cuprous chloride, for every 
pound of chlorine present on or in the cathodes, a theoretical equivalent 
of 1.79 lb. of copper will be volatilized during the melting, or an equivalent 
loss of 3.6 lb. of copper per ton of material for each 0.1 per cent, of chlorine 
present in the cathodes. It can thus be seen that, where large tonnages 
are involved, a serious metal loss may result on melting cathode sheets 
containing but a small percentage of chlorine. In the hydro-electric 
treatment of copper ores, the presence of chlorides in any form, either in 
the ore to be leached or in the water used in leaching, will result, on 
electrolysis, in a deposition of cuprous chloride on the cathodes unless the 
chlorine is previously removed. 

In laboratory experiments, electrolyzing copper sulfate solution 
containing sodium chloride and using soluble anodes, a white deposit was 
obtained on the anode, which turned light green in color on drying at 
90° C. and had the following composition: Copper 61.84 per cent., 
chlorine 33.60 per cent.; factor of copper to chlorine, 1.84. On standing 
24 hr., the color of the compound changed to a much darker green and 
had considerably hydrated, as shown by the following analysis: Copper 
50.00 per cent., chlorine 26.96 per cent.; factor of copper to chlorine, 1.85. 

It is evident that the white deposit was cuprous chloride, which readily 
became hydrated on 24 hr. standing. A comparison of the two factors 
shows that there was no oxidation to cupric chloride on standing 24 hr. 
Duplicating the experiment using lead anodes, the cuprous chloride did 
not form on the anode but permeated the cathode deposit to such an 
extent that it could not be readily separated from the deposited copper. 

Indirectly, it is easy to prove that a certain percentage of the copper 
present as cuprous chloride on cathodes is volatilized on melting. Cru- 
cible tests made by melting cathode copper containing cuprous chloride 
always show a copper loss as compared with melting an equivalent weight 
of cathodes free from chlorides, but the problem is generally complicated 
by the presence of oxides and moisture on the hydro-electric cathodes 
and no definite conclusions can be drawn as to just how much copper 
is volatilized as compared with the original chlorine contents of the 
cathodes. 

The direct method of investigation followed in these experiments con- 
sisted in melting 25 gm. of copper, containing chlorides, in an alundum boat 
and condensing the cuprous chloride volatilized. This cuprous chloride 
could not be weighed, but was dissolved in water and nitric acid and 
the'^copper and chlorine determined by the usual analytic methods. 
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Details of Experiment 

The accompanying illustration shows the apparatus used in these 
experiments. The copper was weighed and transferred to alundum 
boats which, in turn, were placed in a 1-in. fused silica tube and the copper 
melted or heated under a current of carbon dioxide, air, or furnace 
gases. The carbon dioxide was generated by the action of hydrochloric 
acid on calcium carbonate and was purified by passing successively 
through solutions of sulfuric acid, silver nitrate, and sulfuric acid. A 
No. 17 Fletcher tube furnace with blast was used. No trouble was 
experienced in melting copper satisfactorily. 



The volatilized cuprous chloride condensed partly in the cold end of 
the silica tube and the remainder was caught by passing the gases suc- 
cessively through two Erlenmeyer flasks containing water, and a Bowen 
bulb tube containing an acid solution of silver nitrate. After the copper 
had melted, or had been heated for the specified length of time, the 
furnace was allowed to cool, the alundum boat removed, and the copper 
analyzed for any chlorine that was not driven off. The silica tube was 
carefully washed with water and nitric acid until tests showed the wash- 
ings to be free from both copper and chlorine. The contents of the Erlen- 
meyer flasks and Bowen bulb, as well as the washings of all the glass 
connections, were added to the solution obtained from the silica tube and 
the total copper and chlorine present determined. The chlorine and 
copper determinations were made by the same analyst under exactly 
the same conditions for all the experiments and working independently 
from the experimenter. 
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The first series of experiments was conducted while melting hydro- 
electric copper drillings under a neutral gas, to avoid any possible wrong 
conclusions, caused by the interference of either an oxidizing or reducing 
atmosphere. As these experiments were conducted not only to study the 
volatilization of cuprous chloride, but to arrive at some definite conclu- 
sion as to the furnace loss in melting hydro-electric cathode sheets, 
containing chlorine, under present refining conditions, two other series 
of experiments were conducted, one aspirating air over the sample while 
melting, and the other aspirating gases collected from a refining furnace 
during the melting-down period. 


Experiment Series No. 1 

Melting Copper Containing Chlorine Under Carbon Dioxide 

Owing to the possibility of a very finely divided copper rain being 
formed as the copper was melting, blanks were run using cast copper, free 
from chlorine. The heating and melting of this copper and the cleaning 
of the silica tube and flasks and solution bulbs were conducted in iden- 
tically the same manner as with the regular experiments. The blank 
tests were made by melting 25 gm. of drillings of cast copper that was 
99.95 per cent, pure and contained no chlorine; the time of heating and 
melting was 1 hr. The results are given in Table 1. The average loss 
of copper is small and well within the limit of experimental error and has 
no influence on the final results and summary. 


Table 1. — Melting Drillings of Cast Copper 


Test No. 

Weight of Copper in 

Tube and Bulbs, 

Gram 

Weight of Chlorine in 

Tube and Bulbs 

Gram 

1 

0.0003 

nil 

2 

0.0002 

nil 

3 

0.0004 

nil 

Average 

0.0003 

nil 


Melting Hydro-electric Cathodes 

A carefully prepared representative sample of hydro-electric cathodes 
was used in this experiment. Analyses showed it to contain 99.58 per 
cent, copper and 0.226 per cent, chlorine; 25 gm. were used for all tes^s; 
and the equivalent weight of chlorine in each test was 0.0565 gm. The 
fimp of heating and melting was 1 hr.; 14 tests were made. 
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The results are given in Table 2. Colunan 2 gives the weight of 
chlorine left in the copper after melting. With the exception of test 
No. 1, this amount is practically negligible. Columns 3 and 4 give the 
weights of the chlorine and copper that volatilized during the experiment 
and were determined by washing out the condensed cuprous chloride 
from tube and flasks. Column 5 shows the ratio of volatile copper to 
volatile chlorine; that is, simply the ratio of column 4 to column 3. The 
average factor obtained, 1.76 parts of volatile copper to 1 part of 
volatile chlorine, is remarkably close to 1.79, the theoretical factor of 


Table 2. — Volatilization of Copper and Chlorine on Melting Cathodes 


Test No. 

Weight of 
Chlorine 
Remaining in 
Melted Copper, 
Gram 

2 

I 

Weight of 
Volatile Chlo- 
rine, Gram 

Weight of 
Volatile Copper, 
Gram 

Factor Volatile 
Copper to 

V olatile 
Chlorine 

Factor Volatile 
Copper to 
Chlorine Con- 
tents of Sample 

1 

3 

4 

5 

6 

1 

0.0006 

0.0496 

0.0820 

1.65 

1.47 

2 

0.0006 

0.0538 

0.0970 

1.81 

1 74 

3 

0.0002 

0.0497 

0.0831 

1.67 

1.48 

4 

0.0004 

0.0523 

0 1011 

1 93 

1.80 

5 

0.0009 

0 0523 

0.0862 

1 65 

1.55 

6 

0.0004 

0 0546 

0.0871 

1.60 

1.55 

7 

0.0021 

0.0493 

0.0861 

! 1 75 

1.58 

8 ' 

0.0003 

0.0462 

0.0886 

1.92 

1 58 

9 

0.0003 

0 0515 

0.0950 

1.85 

1.69 

10 

0.0004 

0.0558 

0.0970 

1.74 

1 73 

11 

0.0004 

0.0513 

0.0906 

1.77 

1.61 

12 

0.0003 

0 0516 

0.0877 

1 70 

1 56 

13 

nil 

0 0493 

0 0873 

1.77 

1 55 

14 

0.0003 

0.0575 

0.1019 

1.77 

1 1.81 

Average — 

0.0005 

0.0518 

0 . 0908 ' 

1.76 

1.62 


copper to chlorine in cuprous chloride, and proves that the chlorine 
present in the cathodes is volatile as cuprous chloride. Column 6 is 
the ratio between the copper volatilized, as shown in column 4, to the 
chlorine contents of the original drillings as shown by the analysis, 
0.226 per cent, chlorine or 0.0565 gm. chlorine present in the experiment; 
due allowance is made for the chlorine left in the melted copper. The 
average factor 1.62 is based altogether on the analysis of the sample and 
does not take into account any variation of the chlorine contents in the 
sample itself. Individual analyses of the same sample show a variation as 
^reat as 0.02 per cent, chlorine, which would account for the difference 
in the two factors. 
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Tests on Heating Hydroelectric Cathodes 

In crucible melting tests, it was found that soon after the crucibles 
containing hydro-electric cathode copper had been placed in the furnace, 
heavy white fumes were driven off. This continued for some time 
but before the crucible contents had actually melted these fumes had 
disappeared, indicating that most of the cuprous chloride was volatilized 
before the melting temperature of the copper had been reached. In 
order to learn just what effect heating of the cathodes without melting 
would have, the following test was made. This experiment was conducted 
in identically the same manner as the preceding one, except that the 
copper was not melted, but the drillings were heated at a red heat for 
2 hr. The copper and chlorine contents, etc., of the sample were the 
same as in the preceding experiment. The results of the three tests 


Table 3. — Results of Heating Hydroelectric Cathodes 


Test No. 

1 

Weight of 
Chlorine 
Remaining in 
Copper, Gram 

2 

\ 

Weight of 
Volatile Chlo- 
rine, Gram 

3 

Weight of 
Volatile Copper, 
Gram 

4 

1 

Factor Volatile 
Copper to 
Volatile 
Chlorine i 

5 

Factor Volatile 
Copper to 
Chlorine Con- 
tents of Sample 

6 

1 

0.0087 

0.0487 

0.0834 

1.71 

1.74 

2 

0.0061 

0.0455 

0.0824 

1.81 1 

1.64 

3 

0.0090 

0.0465 

0.0823 

1.77 

1.73 

Average — 

0.0079 

0.0469 

0.0827 

1.76 

1.70 


check closely with those obtained by melting the cathode drillings 
and again prove the volatilization of copper as cuprous chloride. Column 
6, of Table 3, allows for the cuprous chloride remaining in the copper 
after heating; it is the ratio of the volatile copper to the chlorine contents 
of the cathodes by analysis, less the chlorine remaining in the copper, as 
shown in column 2. This factor, based on the analysis of the original 
drillings, is 1.70 against a factor of 1.76 obtained by comparing the 
actual volatile copper and volatile chlorine. 

Melting Drillings of Copper Mixed with Sodium Chloride 

It occasionally happens that the chlorine in the cathodes is not pres- 
ent as cuprous chloride, but may be there as sodium chloride. In 
order to study the effect of sodium chloride on copper, cast copper, 99.95 
per cent, pure, free from chlorine was mixed with varying amounts 
of salt and melted as in the preceding experiments. The salt contains 
58.48 per cent, chlorine. 
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Table 4. — Melting Copper Drillings with Addition of Salt 


Test 

No. 

Weight of 
Salt Added, 
Gram 

Equivalent 
of Chlorine 
Added, Gram 

Equivalent 
of Chlorine 
in Ccmper, 
Per Cent. 

Weight of 
Copper 
Volatilized, 
Gram 

Factor Volatile 
Copper to 
Chlorine 
Added 

Percentage 
of Chlorine 
Volatilized 
as Cuprous 
Chloride 

1 

0.5000 

0.2924 

1.169 

0.3259 

1.12 

62.6 

2 

0.2500 

0.1462 

0.584 

0.1957 

1.34 

74.9 

3 

0.1000 

0.0585 

0.234 

0.1060 

1.81 

100.0 


The results of these tests, given in Table 4, show that the chlorine 
does not necessarily have to be in combination with the copper to cause 
volatilization of copper while melting. With an excess of sodium chloride, 
as in tests 1 and 2, some of the chlorine was volatilized as sodium chloride; 
but with the addition of small amounts of sodium chloride, approximating 
the chlorine contents of hydro-electric copper, as in test 3, the chlorine 
was quantitatively converted and volatilized as cuprous chloride. 


Melting Cast Copper Drillings Mixed With Cupric Chloride 

Owing to the possibility of the cuprous chloride on the cathodes 
becoming partly oxidized to the cupric condition on long standing, tests 
were made by mixing cast copper with cupric chloride and melting the 
copper as in previous experiments. The cupric chloride contained 37.18 
per cent, copper and 41.3 percent. chlorine;the factor of copper to chlorine 
was 0.9. While 0.0929 gm. of copper was added as cupric chloride, 


Table 5. — Melting Copper Drillings Mixed with Cupric Chloride 


Test No. 

Amount of 
Cupric Chloride 
Added, 
Gram 

Amount of 
Copper as 
Cupric Chloride, 
Gram 

Amount of 
Chlorine 
Volatilized, 
Gram 

Amount of 
Copper 
'Volatilized, 
Gram 

Ratio Volatile 
Copper to 
Volatile 
Chlorine 

1 

0.250 

0.0929 

0.0962 

0.1742 

1.82 

2 

0.250 

0.0929 

0.0936 

0.1536 

1.64 

Average 

0.250 

0.0929 

0.0949 

0.1639 

1.73 


on melting the copper 0.1639 gm. of copper was volatihzed with a copper 
to chlorine factor of 1.73, thus showing that on melting copper containing 
cupric chloride, the cupric chloride becomes reduced to cuprous chloride 
and is volatihzed as such. Since cupric chloride decomposes on heating to 
cuprous chloride and chlorine, the reaction must take place in two stages. 

2CuCl2 + heat->Cu 2 Cl 2 + CI 2 
CI 2 + 2Cu~^Cu2Cl2 
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Experiment Series No. 2 

Melting Hydro-electric Cathode Copper Drilling Under Air 

The second series of experiments was made by aspirating air over the 
copper drillings while melting, thus substituting an oxidizing atmosphere, 
for the neutral atmosphere of the former experiment. The same sample 
was used as in former experiments, the assay showing 99.58 per cent, 
copper and 0.226 per cent, chlorine. The time for heating and melting 
was hr. The time of heating the drillings had to be shortened, 
preliminary tests showing that heating the drillings slowly resulted in 
excessive oxidation of the copper, which prevented the drillings from melt- 
ing, no matter how much heat was applied. Consequently, a high heat 
was first applied without any preliminary warming up, in order to melt 
the copper before the drillings became excessively oxidized. Following 
this procedure, no difficulty was encountered. The results of the tests 
are given in Table 6. 


Table 6. — Volatilization of Copper and Chlorine on Melting Cathode 

Drillings Under Air 


Test No. 

1 

Chlorine 
Remaining in 
Melted Copper, 
Gram 

2 

Volatile 

Chlorine, 

Gram 

3 

Volatile 
Copper. Gram 

4 

Factor Volatile 
Copper to 
Volatile 
Chlorine 

Factor Volatile 
Copper to 
Chlorine Con- 
tents of Sample 
6 . 

1 

0-0003 

0.0506 

0 0880 

1.74 

1.57 

2 

0.0005 

0 0472 

0.0865 

1.83 

1 54 

3 

0 0005 

0.0607 1 

0.0967 

, 1.59 I 

i 1.73 

4 

0.0010 

0.0565 1 

0.0920 

; 1 63 

1.66 

5 1 

0.0005 

0.0573 i 

0.1009 

1 76 

! 1.80 

6 

0.0005 

0.0560 

0.0901 

! 1.61 

1.61 

Average 

0.0006 

0.0547 

0 0924 

i 

1 1.69 

1.65 


Albert M. Smoot, of Ledoux & Co., carrying out an independent 
investigation on the same sample along similar lines, called attention to 
the tact of a possible hydrolysis of cuprous chloride and consequent 
formation of copper oxide should moisture be present in the gases passing 
over the copper. In order to test this theory, tests 1 and 2 were made 
with air saturated with water vapor; tests 3 and 4 with dry air; while in 
tests 5 and 6 the air was neither moistened nor dessicated and represented 
atmospheric conditions. ^ From Table 6, the average factor of these tests 
with wet air is 1.56; with dry air, 1.70; and with air at atmospheric condi- 
tions, 1.70. These results would tend to prove Mr. Smoot’s theory that 
wet gases would somewhat reduce the volatilization of cuprous chloride. 
However, furnace gases are neither saturated with water vapor nor are 



S. SKOWRONSKI AND K. W. McCOMAS 


363 


they dessicated and an average of the six tests should be a fair average of 
furnace losses allowing for any possible moisture correction. 

The factors found agree with those obtained in the former experi- 
ments, and show that even if cuprous chloride is oxidized and decomposed 
the chlorine thus liberated reunites with the copper owing to the mass of 
the copper present. 


Experiment Series No. 3 

Melting Hydro-electric Cathode Drillings Under Furnace Gases 

In order more nearly to approximate actual furnace conditions, 
furnace gases were collected from ^refining furnaces during the melting- 
down period, and tests made on hydro-electric^ cathode drillings in 
identically the same manner as in former experiments, aspirating a steady 
stream of the furnace gases over the drillings while melting. The gas 
analyses are given in Table 7; the results of the tests, in Table 8. 


Table 7. — Analyses of Furnace Gases 


Test No. 

CO 2 

Per Cent. 

0 ! 

Per Cent. 

1 CO 

Per Cent. 

N 

Per Cent. 

1 

10.4 

! 8.2 

nil 

81.4 

2 

14.8 

2.4 

1.0 

81.8 

3 

13.6 

5.0 

nil 

81.4 

4 

10.4 

8.2 

nil 

81.4 

5 

15.4 

2.8 

0.2 

81.6 

6 

11.4 

6.2 

nil 

82.4 


Table 8. — Volatilization of Copper and Chlorine on Melting Cathodes 

Under Furnace Gases 


Test No. 

1 

Amount of 
Chlorine ^ 
Remaining in 
Melted Copper, 
Gram 

2 

Amount of 
Volatile Chlo- 
rine, Gram 

3 

Amount of 
Volatile Copper, 
Gram 

4 

Factor Volatile 
Copper to 
Volatile 
Chlorine 

5 

Factor Volatile 
Copper to 
Chlorine Con- 
tents of Sample 

6 

1 

0.0007 

0.0479 

0.0809 

1.69 

• 1.45 

2 

0.0004 

0.0492 

0.0842 

1.71 

1.50 

3 

0.0003 

0.0584 

0.1029 

1.76 

1.83 

4 

0.0005 

0.0588 

0.0959 

1.63 

1.71 

5 

0.0009 

0.0539 

0.0861 

1.60 

1.55 

6 

0.0008 

0.0540 

0.0858 

i 1.59 

1 

1.54 

Average 1 

0.0006 

0.0537 

0.0893 

1.66 

1.60 


As in the preceding experiments, tests 1 and 2 were made with the 
gases saturated with water vapor; tests 3 and 4 with dried gases. In 
tests 5 and 6, while the gases were neither moistened nor dessicated they 
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were collected from the furnaces over water and were displaced during 
the experiment by water, so that the gases used contained more water 
vapor than under actual furnace condition. From Table 8 the average 
factor of these tests with wet gases is 1.48; dry gases, 1.77; gases as col- 
lected, 1.55. 

These results again tend to prove Mr. Smooths hydrolysis theory. 
The presence of water vapor in the gases seems to have more effect on the 
volatilization of cuprous chloride than the composition of gases passed 
over the copper while melting. The average of the six tests made under 
the three different conditions should give a fair average of furnace losses, 
allowing for any possible moisture correction; possibly a little low, 
because the gases in tests 5 and 6 contain more water vapor than is 
actually present in the furnace gases. 


Summary 

Experiments in melting drillings of cathode copper containing cuprous 
chloride, and analyzing the resulting volatile copper and chlorine, resulted 
in the following series of factors : 

Factor Volatile Copper to Volatile Chlorine Based on Actual Determination 

[of Volatil^JProducts 


Melting under carbon dioxide (14 tests) 1.76. 

Melting under air (6 tests) 1.69 

Melting under furnace gases (6 tests) 1.66 


Factor Volatile Copper to the Actual Chlorine Contents of Sample 


Melting under carbon dioxide 1.62 

Melting under air 1.65 

Melting under furnace gases 1.60 


Considering that the theoretical factor of copper to chlorine in cu- 
prous chloride is 1.79, these experiments prove that the volatilization of 
cuprous chloride on melting cathode copper takes place almost in its 
molecular ratio, and that under present copper refining practice any 
cuprous chloride present in or on the cathode can be considered, for all 
practical purposes, as completely volatilized on melting, and may be the 
cause of a serious metallurgical loss of copper. 
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Automatic Copper Plating 

BY JOSEPH W. RICHARDS,* SOUTH BETHLEHEM, PA. 

(New York Meeting, February, 1919) 

Plating iron with copper has received great attention from prac- 
tical and scientific men, but, aside from the deposit secured by immersion 
of iron in copper salts, by electro-plating, or by welding together thin 
sheets of iron and copper, these efforts have met with no success. 

Failure of these efforts, in the production of copper plating, has been 
due to the fact that the conditions normally and necessarily present in the 
plating operation are antagonistic to the production of copper-plated iron. 
In most, if not quite all of them, a bath of molten copper has been used. 
The temperature of a molten copper bath is so high that the iron becomes 
oxidized before it can be immersed in the molten copper, and unless a 
protective flux for the molten copper is used, the surface of the copper 
will become oxidized, and, in any event, the plated iron will oxidize 
immediately on its being withdrawn from the molten bath. 

I recently had the pleasure of visiting the works of The Metals Plating 
Co. at Elizabeth, N. J., where I witnessed the plating of iron sheets 
with copper by a new process.^ The plating metal is applied to the 
sheet in the form of a liquid mixture by means of rolls, such as inking 
rolls. The sheet, after being coated with the mixture, is automatically 
carried forward and deposited on a link-belt conveyor, which carries 
it through a furnace maintained at a temperature well above that of 
molten copper. The basic principle involved in this method hes in the 
application of the plating metal to the sheet while the sheet is cold and 
then melting the metal in place on the sheet under conditions which 
are favorable to the formation of the plating. 

Plating Mixture 

The liquid plating mixture is composed of either copper oxide or 
finely divided copper, or a mixture of both, ground to the consistency of a 
light varnish in a crude oil having an asphaltic base, of a specific gravity 
of from 14° to 16° Be. The plating mixture which gives the best results 

* Professor of Metallurgy, Lehigh University. 

»U. S. Patents 1197693, 1197694, 1197695, Sept. 12, 1916, to William E Watkins. 
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consists of 4 lb. (1.8 kg.) of copper oxide ground together with 4 lb. of 
finely precipitated copper, and made to the consistency of a hght varnish 
by grinding it in 1 gal. (3.8 1.) of Mexican crude oil of specific gravity 
of 14° to 16° B6, It is found that the asphaltic base of this oil has re- 
ducing power sufficient to reduce the oxide of copper to metal, in the 
furnace, and to protect the precipitated copper from oxidation during 
the operation; also to reduce any oxide of iron that may have been on 
the sheet. One gallon of oil can reduce 5 lb. of copper oxide. 


Fig. 1. — Sheet-feeding machine and coating rolls. 

This mixture has also been found to have the proper viscosity for its 
application to the sheet by coating or inking rolls, and to hold it uni- 
formly on the sheet when exposed to the furnace temperature so as to 
produce a uniform deposition of strongly adherent copper upon the sheet. 
A number of variations of this mixture have been used, such as using 
copper oxide only, mixed with powdered charcoal, or using precipitated 
copper only without any copper compound. Mexican crude oil is prob- 
ably the cheapest liquid to use, suitable for this purpose, but other 
liquids of similar properties have been used with nearly equivalent 
results. 
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Automatic Feeding and Plating Machine 

As the boxes of sheets are placed on the platform of the machine, it 
is necessary to lift the sheets one by one and feed them, like feeding paper 
to a printing press. This can be done by hand but has been accomplished 
very satisfactorily by an automatic sheet-feeding machine which has 
been worked out by Mr. Conran, the company’s superintendent. The 
platform on which the stack of sheets is placed is raised continually so 
that the top sheet is always at the same level. A suction cup comes into 
contact with the upper sheet and lifts it, while at the same moment a jet 


Fig. 2. — Coating rolls showing parallel adjusting gears. 

of compressed air is introduced beneath the sheet to destroy the vacuum 
effect, or any other slight adherence between the sheets, thus freeing it 
from the sheet beneath. The suction cup raises the rear end of the sheet 
and forwards itinto engagement with the coating rolls to receive the 
plating mixture. The sheet then travels forward and is deposited on 
the furnace conveyor, lateral fingers compressing the sheet into an arch, 
so that it passes into the furnace bowed, in a position and shape best 
suited for withstanding collapse when exposed to the heat existing in 
the furnace. 
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Parts of the carrier, such as the fingers that support the sheet, that 
are exposed to the greatest heat of the flame, are cast of nichrome metal, 
in order that they may withstand the temperature and the oxidizing 
influences of the flame. 

While being carried through the furnace, volatile constituents of the 
paint upon the sheets distill, copper oxide in it is reduced to metal, and 
the copper unites with the iron to form a continuous coating. The 
atmosphere of the furnace is kept reducing in order to preserve the coat- 


ing as far as possible from oxidation. The carrier delivers the sheets to 
flattening rolls, which pass them on to another carrier operating at 
lower temperature, upon which they cool. 

Articles of other shapes than sheets, such as wire and tubes, can like- 
wise be copper plated on t;he same principle and by the use of similar 
continuous automatic apparatus. Other metals as well as copper, such 
as tin, lead, and alloys of different metals, can also be used as the plating 
metal. 


Fig. 3. — Sheet-arching machine and furnace conveyor, showing bowed 

SHEETS ON their SUPPORTS ENTERING THE FURNACE. 
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DISCUSSION 

A. Silverman,* Pittsburgh, Pa. — Prof. Richards has described a 
very interesting process. In addition to the method described, electro- 
plating and a number of other processes have been used. In one, the 
two metals were heated and united under hydraulic pressure; in a second, 
the steel was coated with an alloy, brass for example, and the molten 
copper cast around this. The process that I would like to bring to the 
attention of the metallurgists present consists simply of pouring molten 
copper, brass, or cupro-nickel around a clean red-hot steel billet. It is 
covered by the Roth patents. The 8-in. cylindrical billet containing 
about 70 per cent, steel (core) and 30 per cent, copper is hot drawn or 
rolled until several inches in diameter and afterward cold drawn or 
rolled to rod, wire of any desired diameter, or sheet. The wire is used for 
electrical conduits where conductivity and high tensile strength are 
required, also for the manufacture of cables and screen cloth. The sheet 
is employed for the manufacture of spouting, molding, shells, etc. 

The last application is particularly interesting. In testing rifle 
cartridges, which usually contain lead-filled copper noses, pine boards 
1 in. thick, covered with 3^^-in. rawhide, are placed 1 ft. apart. The 
value of the cartridge depends on the number of boards penetrated by 
the bullet. In Government tests made with copper-coated steel noses 
(15 per cent, copper on either side of the steel) the penetrating power 
was found to be approximately double that of pure copper noses. The 
advantage of copper-coated steel over cupro-nickel lies in the fact that 
the former does not require any special heat treatment during the 
punching. Rifle cartridges were prepared from copper-coated steel in 
a number of Government arsenals. The value of the combination was 
attested by the awarding of a contract for the construction of a 
$3,300,000 plant. Unfortunately, the contract was signed on the day 
preceding the signing of the armistice and was cancelled several days 
later. Tests were conducted for about 1 yr. before the contract was 
awarded to determine the value of this combination of metals. Since 
the war a number of cartridge and shell manufacturers have signified 
their intention of using copper-coated steel. 

Many other interesting applications of copper, brass, and cupro-nickel- 
coated steel are possible. Copper-coated steel springs have already been 
manufactured. Ground pins and connecting wires for rails are in use. 
W^ire 0.005 in. in diameter looks like pure copper or brass depending on 
the coat, and thin sheet also resembles the pure metal. In fact, were it 
not for the springiness of the steel filling, one could not tell the coated 
material from the pure copper or brass. Copper- and brass-coated steel, 
as their value becomes apparent, will take an important place in the 
metal industry of the near future. 


Head of the School of Chemistry, University of Pittsburgh. 
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Pure Carbon-free Manganese and Manganese Copper 

BY ARTHUR P. BRAID,* NEW YORK, N. Y. 

(Milwaukee Meeting, October, 1918) 

The war has caused an increasing scarcity of phosphorus and its well 
known alloys with copper and tin. At the same time, the production 
of brass and bronze, nickel-silver, cupro-nickel, and other non-ferrous 
alloys, has considerably increased. The manufacturers of these products 
had therefore to secure other materials which would serve their purpose; 
principally that of a deoxidizer, which could be obtained promptly and 
regularly. 

Fortunately these materials, pure carbon-free manganese metal and 
manganese-copper alloy, were not hard to find — ^in fact, they were never 
lost. Manganese in various forms has been used in Europe for more 
than a century; in this country, however, when manganese was first 
used, and indeed for a long time thereafter, it was consumed mainly in 
the manufacture of manganese-bronze. Many foundrymen at that 
time used manganese-copper with the same freedom as phosphor-copper. 
Although iron enters into the composition of certain grades of bronze, it 
is very detrimental to non-ferrous mixtures in general; consequently 
ferromanganese is not applicable, and therefore pure manganese metal, 
or the alloy of manganese and copper, technically free from iron and 
other impurities, is now being generally used. 

The following are the principal elements having an affinity for oxygen: 
1, Sodium. 2, Potassium. 3, Calcium. 4, Strontium. 5, Barium. 6, 
Magnesium. 7, Aluminum, 8, Phosphorus. 9, Silicon. 10, Mangan- 
ese. 11, Iron. 12, Zinc. 13, Lead. Each metal has its natural flux, or 
deoxidizer, in the form of a metal or non-metal which will alloy with it, 
and has a strong affinity for oxygen. For example, phosphorus, as is 
well known, acts very beneficially in copper alloys that contain tin. 

Within the last few years, and particularly since the war began, the 
great value of manganese in nickel alloys has been demonstrated, and one 
by one the manufacturers of these products have adopted its use. While 
manganese has not so strong an aflSnity for oxygen as magnesium, alumi- 
num, or silicon, it is nevertheless sufficiently powerful to reduce any 
oxide of nickel, copper, .or zinc that may be present in the nickel alloy 
to be purified. 

* Metallurgical Engineer, Metal and Thermit Corporation. 
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It is this “medium'^ affinity for oxygen that renders manganese 
valuable in casting nickel alloys for rolling or drawing purposes, since 
the oil, burning at the mouth of the mold, is capable of reducing the thin 
film of manganese oxide that forms upon the stream of metal as it is 
poured. Aluminum or silicon oxides are not reduced by burning oil, 
and, therefore, it frequently happens that castings are dirty when alumi- 
num or silicon is used; with manganese, clean castings result if ordinary 
precautions are taken in pouring. 

It is customary to add the manganese in the form of manganese- 
copper alloy (30 per cent. Mn and 70 per cent. Cu). The addition to 
nickel silver is about 3 or 4 oz. of the alloy per 100 lb. of the mixture 
(2 gm. per kilo), equivalent to about 0.06 to 0.075 per cent, manganese. 

In such alloys as cupro-nickel, the amount of manganese-copper 
should be almost doubled. This quantity introduces about 0.12 to 0.15 
per cent, manganese, and to certain grades of nickel-copper, 0.25 per cent, 
manganese is added. The manganese-copper should be introduced into the 
mixture after all the other metals have been melted and the whole well 
stirred. The mixture should then be left for a few minutes so as to give 
the manganese time to act. It will be found that manganese gives ex- 
cellent results in nickel alloys. 

Another important feature in the use of manganese is its strong af- 
finity for sulfur, exceeding that of all other metals; when introduced into 
a mixture containing sulfur, sulfide of manganese is formed at once, 
and rises as slag to the top of the metal. As sulfur is frequently pres- 
ent in cupro-nickel alloys, the advantage of this property of manganese 
is obvious. I behove that more attention should be given to sulfur in 
non-ferrous mixtures, particularly at the present time when raw materials 
and fuel are not generally of so high quality as before the war. 

In the casting of brass, it has been shown that manganese acts best 
when there is a high proportion of zinc. On the other hand, in a red 
brass, phosphorus is used with excellent results because it causes the tin, 
with which it alloys more readily, to assume a crystalhne structure and 
produces a more homogeneous casting. A number of concerns are' ex- 
perimenting with manganese, to take advantage of its hardening effect, 
and thus diminish the amount of tin used in certain mixtures. 

The present tremendous increase in the use of manganese has been 
brought about to a great extent by the demand for munitions, etc., since, 
in addition to the various mixtures previously mentioned, manganese is 
used in nichrome, monel metal, aluminum, and stellite, the well known 
high-speed cutting tool, as well as in other less well known mixtures. Prob- 
ably the most recent use for manganese is in a’ certain non-ferrous 
mixture which is used for the production of the necessary charcoal for 
gas masks by the carbonization of fruit stones. 
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DISCUSSION 

W. B. Price,* Waterbury, Conn, (written discussion f). — It has been 
our experience, especially in cupro-nickel, that manganese has been very 
beneficial, not only, as stated by Mr. Braid, in removing sulfur, but also 
for its property of reducing oxides, thus making the metal more fluid, 
and enabling it to be poured at a lower temperature; this, in turn, pre- 
vents softening of the graphite pots and the absorption of carbon. It 
also acts very effectively in keeping the carbon in solution in the cupro- 
nickel, in the combined form. However, in the case of cupro-nickel, to 
obtain all these benefits it has been found necessary to keep the manganese 
content as near 0.25 per cent, as possible. 

Manganese also is very effective in diminishing the amount of blisters 
in cupro-nickel. So far as I am aware, both from personal experience 
and from the experience of others who have been engaged in the manu- 
facture of nickel-silver and cupro-nickel, manganese used either in the 
form of pure metal or as manganese-copper alloy (30 Mn, 70 Cu) gives 
better results than any other flux. While this may seem a strong state- 
ment, manganese is the natural flux for nickel-silver and cupro-nickel. 

W. H. Bassett, t Waterbury, Conn. — Manganese should not be 
expected to remedy all the defects that are due to poor melting practice. 
It is undoubtedly valuable in helping to eliminate porosity in many 
of the alloys. In the copper-nickel alloys, its use is becoming almost 
universal, for, beside helping to make sound castings, it tends to hold 
the carbon in solution in the solidified alloy. 

; G. H. Clamer,§ Philadelphia, Pa. — I have found that manganese 
copper is satisfactory for eliminating sulfur and that it works very well 
in the crucible and when you have reducing conditions; but in a large 
reverberatory charge, where the conditions are oxidizing, we were not 
able to eliminate the sulfur. 

* Metallurgist with the Scovill Majiufacturing Co. 
t Received Sept. 30, 1918. 
jThe American Brass Co. 

§ First Vice-president and Secretary, Ajax Metal Co. 
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Manganese Bronze 

BT P. E. MC KINNEY, t WASHINGTON, D. C. 

, (New York Meeting, February, 1919) 

Developments in engineering during the past decade, particularly as 
applied to marine construction, mining machinery and other purposes 
in which corrosion offers a serious problem, have created a large demand 
for a non-ferrous metal highly resistant to corrosion and at the same time 
useful in general construction work as a substitute for steel without ma- 
terially decreasing the factor of safety or increasing the weight of the 
various parts over that ordinarily used in the case of mild steel. 

To obtain the combination of desired properties many compositions 
have been proposed and used with excellent success, but at the present 
time probably the most popular and most widely used combination is the 
non-ferrous alloy commonly called manganese bronze. This is nothing 
more than a high brass to which have been added, by the proper method 
of alloying, comparatively small percentages of aluminum, iron, or 
manganese with the definite purpose in view of strengthening the 
alloy and rendering it more dense and close-grained than the average 
yellow-brass casting. 

In the manufacture of manganese bronze a great deal has been said 
about the importance of using only the highest grades of raw material 
and the beneficial or detrimental effects, as the case may be, of various 
impurities, as well as the importance of adding the ingredients according 
to various formulas proposed; but in most of these cases the literature on 
the subject has dealt principally with the manufacture of this alloy from 
virgin metals and raw materials of the highest purity. It is the purpose 
of this paper to deal particularly with the possibilities that lie in the 
proper development of methods for manufacturing such an alloy by more 
economical methods than those which have usually been discussed in 
other literature on the subject. Shortages have recently existed in raw 
materials needed for many products entering into the various branches 
of engineering work, particularly the non-ferrous metals, and during the 
next few years of reconstruction the country will be flooded with many 

* Published by permission of the Commandant and Superintendent, U. S. 
Navy Yard, Washington, D. C. 

t Chemist and Metallurgist of the Naval Gun Factory, U. S. Navy Yard. 
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byproducts and much scrap resulting from the extensive operations 
carried on during the period of the war, during whick time scrap and 
byproducts could not be handled in sufficient volume to effect rapid 
production. These facts constitute conditions that make a project 
looking toward the efficient utilization of such materials well worth while. 

When manufacturing manganese bronze or similar alloys from raw 
materials there is intentionally added a percentage of iron, which is 
generally conceded to be one of the very objectionable impurities in non- 
ferrous scrap, in addition to which aluminum and manganese are added, 
and sometimes tin in small quantities, all of which if present in the virgin 
metals ordinarily used in non-ferrous foundry practice would be con- 
sidered detrimental impurities. The composition of the average man- 
ganese bronze is as follows: 


Peb Cent. 

Copper 57.00 to 59.00 

Zinc 38.00 to 40.00 

Iron, manganese, aluminum, tin 0.25 to 1.00 

Lead 0.10 to 0.50 


which composition shows rather clearly that there is no necessity for 
the use of high-grade raw materials, provided methods of manufacture 
can be devised to produce the proper refinement of the finished product, 
as the ordinary impurities encountered in non-ferrous materials offer 
no serious obstacles when the same elements must be added in con- 
siderable percentages to effect the desired composition. 

In the manufacture of manganese bronze it has been found possible 
to utilize what would ordinarily be termed material of very low grade, 
such as skimmings from the foundry, particularly skimmings and dross 
ordinarily recovered from brass rolling mills or cartridge-case plants, 
zinc dross recovered from galvanizing plants, aluminum turnings that are 
ordinarily unrecoverable without serious loss and deterioration of the 
product due to oxidation, etc., and other byproducts and scrap metals 
that ordinarily are not usable as remelting scrap in foundry practice. 
The manufacture of high-grade manganese bronze from materials of this 
class, however, cannot be attempted in crucible furnaces, or practiced 
only on a comparatively small scale, as there is required a reverberatory 
or other furnace in which it is possible to accumulate a bath of consider- 
able volume and in which the charge of metal can be worked in the same 
manner as in other refining processes producing on a large scale in open- 
flame furnaces. The idea is to so compound the various materials 
available as to cause one to react with the other to the mutual benefit 
of all the ingredients going into the charge. 

A typical charge for operating a reverberatory furnace in the manu- 
facture of manganese bronze is as follows: 
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PO0NDS 

Yellow-brasS machine-shop turnings 1250 

Zinc dross from galvanizing plant 400 

Aluminum turnings 30 

Recovered scrap zinc .... 400 

Dross and skimmings from billet and slab plant 2000 

Foundry-floor scrap and skimmings 650 

Hardener made by melting scrap copper and manganese in equal 

proportions 250 

Charcoal 75 

Common salt . . 80 


With a knowledge of the general chemical composition of each in- 
gredient going into the charge it is easy to produce a manganese bronze 
that will have the desired composition and will require no other treat- 
ment than, possibly, the addition of a little zinc when remelting for 
casting purposes. 

When handling a charge such as that just shown, advantage is taken 
of impurities, such as the iron existing in the zinc dross, the small per- 
centages of tin in the machine-shop turnings, etc., in figuring the final 
desired analysis of the alloy. It is a well-known fact that such materials 
as zinc dross and foundry skimmings, both of which are full of dirt and 
oxides, cannot be recovered in a usable condition when melted separately 
in crucibles or by any of the ordinary methods of melting material, 
without an excessive loss due to volatilization. But when the well- 
known reactions occurring in the manufacture of old-fashioned calamine 
brass are taken into consideration, it can be seen how the combination 
of zinc dross, brass skimmings, and other highly oxidized materials 
melted in contact with charcoal will produce an alloy about as well 
deoxidized as the average high-zinc brass. Contact, while in a molten or 
semi-molten state, of metallic copper and partly oxidized zinc in the 
presence of charcoal develops a condition extremely conducive to a 
thorough deoxidation and alloying of all the metallic ingredients. This 
reaction, together with the well-known deoxidizing effects of aluminum, 
manganese and iron, which are part of the charge, contributes to the 
production of thoroughly deoxidized and dense material. Salt is used 
as a flux on account of its excellent properties for gathering and fluxing 
off the dirt from the charge, the oxides of iron, manganese, etc., and the 
reduction of any copper oxides passing from the bath into the slag. 

In charging the furnace, it is the usual practice to place the man- 
ganese hardener in the bottom of the furnace and on top of it place the 
cartridge-case dross and zinc dross with a layer of? charcoal, after which 
the foundry skimmings and turnings are added and the charge is melted, 
with occasional rabbling to clear the metal and bring all the ingredients 
into intimate contact. When the bath is melted, the aluminum scrap 
is added and the necessary zinc additions are made, after which the charge 
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is allowed to cool slightly in the furnace and is poured into ingots for 
remelting purposes, after analysis has been made to determine the ne- 
cessity of adding zinc or otherwise correcting tha composition by the 
mixture of several heats in order to obtain the desired composition. 

The foregoing process carried out by a skilled melter will produce 
an alloy that is absolutely sound and homogeneous and capable of being 
cast in ordinary foundry practice in the same manner as any of the so- 
called high grades of manganese bronze, and will produce most excellent 
physical properties in the finished casting. 

As instances of what can be obtained, the following results of tests 
are given. These tests were made on castings produced by the method 
described from initial charges of raw material practically identical with 
the typical charge given. 


Table 1.- — Analyses of Ingots as Poured from Reverberatory Furnace 


1 

i 

Copper, 
Per Cent. 

Zinc, j 
Per Cent. | 

Tin, 

Per Cent. 

Lead, 
Per Cent. 

i 

Iron, 

Pei* Cent. 

J- ' 

Aluminum, 
Per Cent. 

Manganese, 
Per Cent. 

Heat A. . . . 
Heat B 

57.95 

57.18 

j 

39.08 1 
39.54 1 

0.35 

0.51 

0.42 

0.34 

0.83 

1.04 

0.59 
0.48 1 

1 

0.77 

0.91 


Table 2. — Physical Values Obtained on Sand Castings Poured from 
Remelt of Ingots without Additions 



! Tensile Strength, j 

Yield Point, 

Elongation, 


! Lb per Sq. In. j 

Lb per Sq. In. 

Per Cent. 

Heat A . . 

67,700 

46,300 

22 1 

Heat B. . . 

72,100 

50,400 

21.0 


Table 3.- — Physical Tests of Sand Castings Made from Manganese Bronze 
Produced by Process Described 


Tensile Strength, } 

Lb. per Sq. In j 

Yield Point, Lb. per Sq. In. 

Elongation, Per Cent. 

67,300 

45,800 

29.9 

66,400 

37,400 ! 

30.9 

67,700 ; 

; 41,200 

24 5 

72,200 

' 34,100 j 

24.5 

67,900 

1 33,900 

28.1 

72,600 

36,700 

23.4 


In addition to the excellent properties shown in the tensile tests, the 
material corresponds in every other physical respect to so-called high- 
grade manganese bronze produced from virgin metals, has a fine uniform 
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fracture with a tendency to silky grain in many cases and shows toughness 
and resiliency equal to any other grades of manganese bronze examined. 

Some objections may be raised to the use of byproducts and scrap 
material in the manufacture of manganese bronze because the lead con- 
tent of some of these byproducts is quite high and will introduce into the 
alloy quantities of lead higher than are desired. It is believed, however, 
that the results of tests made from time to time on manganese bronze, 
containing in some cases a considerable percentage of lead, have shown 
conclusively that lead within reasonable limits is not detrimental. No 
concrete cases have as yet been cited in which, other things being equal, 
lead under 0.75 per cent, has shown seriously detrimental effects on the 
alloy. All the samples on which physical tests are given contained per- 
centages of lead ranging from 0.25 to 0.50 per cent., yet none of them 
show in the test results any detrimental effects due to the presence of 
this so-called impurity. It is believed that the tolerance of a slightly 
higher content of lead in specifications for manganese bronze would, in 
general, serve admirably as a conservation measure for high-grade virgin 
material and offer excellent opportunities for the utilization of many 
metallurgical byproducts that at the present time constitute practically 
useless material. 

The results obtained after about 3 years of operation under the proc- 
ess described have "shown rather conclusively that the alloy commonly 
known as manganese bronze can be produced without resorting to the 
use of high-grade virgin materials with the addition of what would 
ordinarily be termed detrimental impurities, by the simple application 
of some of the well-known laws of metallurgy. 

DISCUSSION 

Jesse L. Jones,* Pittsburgh, Pa. (written discussionf). — The most 
important criterion on which judgment of the quality of manganese 
bronze can be based is its freedom from lead. Not over 0.03 per cent, of 
lead should be present in a good grade of manganese bronze. While it is 
not questioned that manganese. bronze with a high tensile strength and 
considerable ductility can be made from materials that will give a lead 
content of possibly 2 to 3 per cent., there is no doubt that such material, 
while it may machine readily, will be found to withstand the impact test 
very poorly, and hence be unsuited for high-grade engineering work. 
When lead is present in considerable amounts, it forms in small pools in 
the alloy and the material has little strength at these points; in fact, 
such spots in the metal are equivalent to nicks in a test bar as far as their 
effect on tensile strength is concerned. A further objection to a high lead 
content is the ease with which it oxidizes and its consequent tendency i o 
produce dross. 

* Metallurgist, WestingRouse Elec- & Mfg. Co. f Received Feb. 13, 1919. 
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A second characteristic of a high-grade manganese bronze is a low 
content of manganese. This should not exceed 0.05 per cent.; in fact, 
very many of the best grades of manganese bronze show, on analysis, 
only a trace of manganese or no manganese whatever. Manganese is a 
deoxidizer and its ready oxidation protects the other metals of the alloy; 
but if it is present in large amounts it will produce considerable manganese 
dioxide, which does not separate readily from the molten alloy and may 
produce black specks or drossy spots and fender the obtaining of clean 
castings difficult. 

Aluminum should be present in a good grade of manganese bronze in 
only very small amounts. A content of 0.10 per cent, aluminum is 
ample. Larger amounts have a tendency to increase the shrinkage of 
the alloy, to give the ingots and castings a white, scruffy appearance, 
and to prevent the beautiful, golden, oxidization color characteristic of 
high-grade manganese bronze and a most excellent indication of quality. 

The work that the author of the paper has done is valuable from a con- 
servation standpoint, and it will supplement, in a marked degree, the 
advances that have been made by a number of manufacturers of manga- 
nese bronze in utilizing the turnings from this material. A number of 
firms have succeeded in making a very good grade of ingot metal from 
turnings and other light scrap, obtaining a tensile strength and elongation 
which, although not equal to that obtained from new metal, is still very 
creditable. 

The lack of uniformity in manganese bronze made from the materials 
specified by the author of the paper, the tendency to drossy metal from 
the extremely high content of lead, manganese, and aluminum, which are 
shown by the analyses given, combine to render the commercial use of 
manganese bronze made from such inferior materials of doubtful utility. 

There is a field, however, for what might be designated as a second- 
class quality of manganese bronze in the making of rather light castings. 
These castings can be gated in such a way that dross and oxide will be 
strained from the metal and clean castings thus produced. The castings 
set quickly; hence if the metal has a rather high shrinkage it is not so 
likely to be objectionable as in a heavier casting. In light castings, 
also, the oxidation of the metal in the mold Cannot occur to any marked 
extent, as in the case of large molds that are very slowly filled and in which 
the metal is a long time congealing. Hence, the grade of manganese 
bronze described by the author can be used for such castings but its use 
in large and important castings is likely to be far from satisfactory, for 
the reasons named. 

W. M. Corse,* Mansfield, Ohio (written discussionf). — Mr. McKin- 
ney has called attention to a very practical method of making manga- 

* Manufacturing Engineer, Ohio Brass Co. fBeceived Feb. 17, 1919. 
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anese bronze and has checked the method by about 3 years of 
operation. The Naval Gun Factory has an unusual opportunity to 
check physical results from metal in castings because every heat is tested 
physically and a splendid series of results is thereby on record. Very few 
commercial foundries, unless on government work, test every heat of 
metal physically. As a result, the physical properties published by 
commercial foundries are not backed by nearly as many tests. I men- 
tion this to bring out the fact that Mr. McKinney is not describing 
an occasional heat of manganese bronze but is telling of results that are 
checked constantly by physical tests. 

The point made that the method of making manganese bronze as 
described is not applicable to strictly crucible practice is important; 
also that the method is not practicable with small quantities of metal. 
The fact that less than 0.75 per cent, lead is not markedly harmful to the 
physical properties of this alloy is interesting, particularly in view of 
existing specifications. 

Harold J. Roast,* Montreal, Que. — About 2 years ago Mr. McKinney 
told me about mixing zinc dross with foundry skimmings, which sounded 
like a very difficult proposition to me. However, I tried out essentially 
what he has described and found it quite possible to make satisfactory 
manganese bronze, judging the results by tensile tests, etc. The furnace 
used was an oil-fired revolving furnace of 1000 lb. capacity. -Unfor- 
tunately, the company for which I was working did not require the 
bronze at that time; but my experience, small as it was, leads me 
firmly to believe that what Mr. McKinney has said is feasible, and I 
would strongly advise anyone interested to try it out. 

G. H. CLAMER,t Philadelphia, Pa. — I have been more or less familiar 
with the work Mr. McKinney has been doing in the Washington Navy 
Yard, but I did not appreciate that he was carrying the consumption of 
scrap quite to the extent he has described. 

The original manganese bronze, known as the Parsons manganese 
bronze, was introduced into America 25 or 30 years ago by the Wm. 
Cramp Ship and Engine Building Co. It was always considered an alloy 
of the highest order; that is, it required knowledge, experience, and the 
use of raw materials of the highest quality to produce it, in order to get 
satisfactoi-y results. Lake copper was used and the Bertha, or Horsehead 
spelter. I think possibly that I was the first one to make manganese 
bronze in this country, independent of the Cramp Co. There was prac- 
tically no information on the subject at the time I started; there was 
nothing in the literature, except that we knew that Parsons manganese 


* Manager, Testing Dept., James Robertson Co., Ltd. 
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bronze was a very good metal and was very largely used by the United 
States Government. The Cowles Co., of Lockport, then introduced 
aluminum bronze, which carried about 10 per cent, of aluminum and 
90 per cent, copper; there was a great deal of discussion and controversy, 
as to the relative merits of these two alloys. Finally the manganese 
bronze won out, because it was more easily handled and could be more 
cheaply produced. The Cowles Co. then undertook to manufacture 
manganese bronze. They manufactured the alloy by the use of man- 
ganese copper and actually introduced a considerable proportion of 
manganese into the alloy, and I will say that the bronzes they made at 
that time, carrying about 4 per cent, of manganese and as high as 134 
per cent, of aluminum, were as good bronzes as I have seen. These 
alloys had a very high yield point, good elongation, and tensile strength, 
in some cases as high as 90,000 pounds. 

After we began to manufacture manganese bronze, several others 
began its manufacture, so, naturally, the producer started to look for 
cheaper methods of production. The first step was to use a lower 
grade of spelter; consequently, the intermediate grades of spelter, carry- 
ing 0.2 per cent, of lead were used. After that, there was some scrap 
used but the scrap was always of a strictly known quality and of low 
lead content. We also used zinc dross in making this alloy about 10 
years ago, appreciating the fact that in zinc dross we had a ready means 
for introducing iron into the alloy. The alloys were made merely by 
the use* of zinc dross, aluminum, and copper and gave very satisfactory 
results; these alloys contained no manganese whatever. We were very 
careful, however, to use only the zinc dross that came from high-grade 
spelter, the spelter of very low lead content,- such as is produced in 
galvanizing wire. We found that by using drosses of that kind we 
could get very satisfactory results, but it was hard to obtain drosses 
that ran sufficiently uniform to use without a great deal of care. Some 
of the slabs of dross we obtained evidently were mixed with dross from 
the use of lower grade spelter and contained 2 to 3 per cent, of lead. 
Other slabs contained no lead at all, so, for that reason, the use of zinc 
dross was given up. 

We have been led to believe that the reverberatory furnace is an 
exceedingly bad type in which to make manganese bronze. In this 
furnace it is rather hard to control the atmosphere and one of the chief 
difficulties that I would see in making manganese bronze as Mr. McKin- 
ney describes would be in the oxidation of the aluminum. Aluminum 
forms an infusible oxide, unreducible by carbon at the prevailing tem- 
peratures, which is exceedingly hard to get out of the metal. It is 
probably fluxed by the salt that he uses and carried to the top, but I 
would be a little afraid of using bronze of that kind on large and im- 
portant castings. 
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In making the test bars, as they are ordinarily made with a coupon 
or in the ingot, as Mr. Jones has said, it is easy to get a good test; but 
when you dig right into the body of the casting, I am afraid that the re- 
sults obtained by that method would be somewhat uncertain. Mr. Mc- 
Kinney has certainly had a vast experience; he has made lots of castings 
and he is not putting forth here anything that he has done in a small way 
but I would like to ask if he has investigated the condition of the metal, 
in the heart of the castings, as compared with the test bars. 

The U. S. Government specifications, I might say, as Mr. Corse has 
also pointed out, are very rigid as regards lead content and use of scrap. 
This paper, coming from a representative of one of our Government 
departments, is significant. I think the Navy Department should be 
wilhng to modify their specifications, if they will accept material of that 
kind made by the Navy Yard. 

C. R. Spare,* Philadelphia, Pa.— The writer of the paper has informed 
me that about 1,000,000 lb. have been made in this way in the last year; 
certainly this is a sufficiently large quantity to determine what he 
is doing. Of course, I could imagine that the use of known materials is 
taken for granted. The Navy Yard has probably had a large amount of 
materials of known compositions; that is where it had a great advantage, 
because the average small foundry man who will go out and purchase 
scrap materials of unknown composition and mixed badly certainly can 
not get such uniform results. Of course, the author melts his metal 
twice. He first applies intense heat, after which the metal is analyzed 
in order to determine composition, and then, after his composition is 
known, he remelts it. This, if done carefully, would undoubtedly give 
him a uniform composition of the bronze. We have not found that 
large percentages of manganese result in a weakened alloy; we have 
used manganese up to 5 per cent, without losing any dross or oxides in 
our castings. That is European practice also. In France and England 
(and I have had occasion to examine some samples from Germany and 
Austria) these bronzes are frequently high in manganese. In fact, some 
very difficult castings in submarine and torpedo-boat destroyers and air 
compressors ran high in manganese. Castings that had to carry an air 
pressure of 3 lb. per in. carried high manganese, so that I am inclined to 
differ with the statement that high manganese is inconsistent with clean, 
sound castings. 

P. E. McKinney. — With reference to the question of tests, I might 
say that you have seen the specimens passed around the room which are 
cut from rather heavy castings cast in sand, not against a chill. It 
represents a dry sand casting, a most difficult casting on which to get 
high physical values, on account of the extremely slow cooling. 

* American Manganese Bronze Co. 
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With reference to taking tests out of the body of the casting, I feel 
that, so long as the shrinkages are right on the casting proper, a cut 
taken anywhere in a casting will be representative of the metal in an 
attached coupon not covered on a chill. That will hold in aluminum 
bronze, manganese bronze, steel, or any other metal that has a high 
shrinkage. We are frequently called upon to take tests for informa- 
tion from the casting proper, in which case I do not hesitate to remove 
a test piece from the castings by the hollow mill. As a matter of fact, I 
would just as soon accept the test piece obtained with a hollow mill as 
I would that from an attached coupon. 

With reference to size, I have made quite a number of castings weigh- 
ing up to 9.5 tons with this metal; I do not know whether there are any 
heavier ones. These castings, moreover, are in service and have stood 
rather hard service during the war in torpedo practice. 

The objections to manganese and aluminum as ingredients, of course, 
might depend on whether you use new metal or scrap, because usually 
the commercial grades of manganese bronze have added to them quite 
a percentage of aluminum and manganese. But our experience has 
shown that, for a casting alloy, aluminum and manganese are very bene- 
ficial in giving toughness and strength, without necessitating an increase 
of the zinc content. 

William Campbell,* New York, N. Y. — I would just like to confirm 
what Mr. McKinney has said about test specimens taken from the cast- 
ing itself. At the Brooklyn Navy Yard we have found that the test 
specimen taken from the casting gives just as good results as that cut 
from the coupon attached to the casting. As he says, the question of 
strength is a question of foundry practice. When the foundry tries to 
skimp on the metal and when sufiicient head is not used for shrinkage 
the metal falls down. The test specimen shows cracks through prac- 
tically its whole length; and under the microscope you will find that the 
crystals do not properly cohere. When the metal is poured right, at 
the correct temperature, etc., the test specimen from the casting will 
practically agree with that from the attached coupon. 

With regard to composition, it seems that you can get equal strength 
and ductility, whether you are dealing with high or low manganese and 
iron, high or low aluminum, and up to a certain per cent, of tin. The 
same holds good for the amount of lead at least up to 0.25 per cent.; 
apparently lead does not have much effect on the strength as long as 
it is in the form of fine well distributed globules. 

The conclusion we have come to is that the melting and foundry 
practices are the two great factors in manganese bronze and that in 
nearly all cases of failure it was found not to be the trouble with the com- 

* Professor of Metallurgy, Columbia University, and Metallurgist, Navy Yard, NY . 
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In making the test bars, as they are ordinarily made with a coupon 
or in the ingot, as Mr. Jones has said, it is easy to get a good test; but 
when you dig right into the body of the casting, I am afraid that the re- 
sults obtained by that method would be somewhat uncertain. Mr. Mc- 
Kinney has certainly had a vast experience; he has made lots of castings 
and he is not putting forth here anything that he has done in a small way 
but I would like to ask if he has investigated the condition of the metal, 
in the heart of the castings, as compared with the test bars. 

The U. S. Government specifications, I might say, as Mr. Corse has 
also pointed out, are very rigid as regards lead content and use of scrap. 
This paper, coming from a representative of one of our Government 
departments, is significant. I think the Navy Department should be 
willing to modify their specifications, if they will accept material of that 
kind made by the Navy Yard. 

C. R. Spare,* Philadelphia, Pa.— The writer of the paper has informed 
me that about 1,000,000 lb. have been made in this way in the last year; 
certainly this is a sufficiently large quantity to determine what he 
is doing. Of course, I could imagine that the use of known materials is 
taken for granted. The Navy Yard has probably hajd a large amount of 
materials of known compositions; that is where it had a great advantage, 
because the average small foundry man who will go out and purchase 
scrap materials of unknown composition and mixed badly certainly can 
not get such uniform results. Of course, the author melts his metal 
twice. He first applies intense heat, after which the metal is analyzed 
in order to determine composition, and then, after his composition is 
known, he remelts it. This, if done carefully, would undoubtedly give 
him a uniform composition of the bronze. We have not found that 
large percentages of manganese result in a weakened alloy; we have 
used manganese up to 5 per cent, without losing any dross or oxides in 
our castings. That is European practice also. In France and England 
(and I have had occasion to examine some samples from Germany and 
Austria) these bronzes are frequently high in manganese. In fact, some 
very difficult castings in submarine and torpedo-boat destroyers and air 
compressors ran high in manganese. Castings that had to carry an air 
pressure of 3 lb. per in. carried high manganese, so that I am inclined to 
differ with the statement that high manganese is inconsistent with clean, 
sound castings. 

P. E. McKinney. — With reference to the question of tests, I might 
say that you have seen the specimens passed around the room which are 
cut from rather heavy castings cast in sand, not against a chill. It 
represents a dry sand casting, a most difficult casting on which to get 
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With reference to taking tests out of the body of the casting, I feel 
that, so long as the shrinkages are right on the casting proper, a cut 
taken anywhere in a casting will be representative of the metal in an 
attached coupon not covered on a chill. That will hold in aluminum 
bronze, manganese bronze, steel, or any other metal that has a high 
shrinkage. We are frequently called upon to take tests for informa- 
tion from the casting proper, in which case I do not hesitate to remove 
a test piece from the castings by the hollow mill. As a matter of fact, I 
would just as soon accept the test piece obtained with a hollow mill as 
I would that from an attached coupon. 

With reference to size, I have made quite a number of castings weigh- 
ing up to 9.5 tons with this metal; I do not know whether there are any 
heavier ones. These castings, moreover, are in service and have stood 
rather hard service during the war in torpedo practice. 

The objections to manganese and aluminum as ingredients, of course, 
might depend on whether you use new metal or scrap, because usually 
the commercial grades of manganese bronze have added to them quite 
a percentage of aluminum and manganese. But our experience has 
shown that, for a casting alloy, aluminum and manganese are very bene- 
ficial in giving toughness and strength, without necessitating an increase 
of the zinc content. 

William Campbell,* New York, N. Y. — I would just like to confirm 
what Mr. McKinney has said about test specimens taken from the cast- 
ing itself. At the Brooklyn Navy Yard we have found that the test 
specimen taken from the casting gives just as good results as that cut 
from the coupon attached to the casting. As he says, the question of 
strength is a question of foundry practice. When the foundry tries to 
skimp on the metal and when sufficient head is not used for shrinkage 
the metal falls down. The test specimen shows cracks through prac- 
tically its whole length; and under the microscope you will find that the 
crystals do not properly cohere. When the metal is poured right, at 
the correct temperature, etc., the test specimen from the casting will 
practically agree with that from the attached coupon. 

With regard to composition, it seems that you can get equal strength 
and ductility, whether you are deahng with high or low manganese anc 
iron, high or low aluminum, and up to a certain per cent, of tin. The 
same holds good for the amount of lead at least up to 0.25 per cent.; 
apparently lead does not have much effect on the strength as long as 
it is in the form of fine well distributed globules. 

The conclusion we have come to is that the melting and foundry 
practices are the two great factors in manganese bronze and that in 
nearly all cases of failure it was found not to be the trouble with the com- 
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position as much as that arising from included dross and from shrinkage, 
during the period of solidification. 

J. B. F. Hbreeshoff, New York, N. Y.— Nothing has bek said 
about antimony, which, as we all know, is bad in copper, especially in 
copper used for brass. The results are very bad. There is just the pos- 
sibility that in the use of scrap, unless some change is made, we might 
find some hard lead. In that case, we might have brass of very low 
strength. We do know that if there is even a trace of antimony in the 
copper the resulting brass is not ductile. 

I see no reason why cartridges should not be made from brass where 
scrap is used, if the scrap comes from the high grades of copper that all 
the firms are putting out now. Electrolytic-copper scrap, and scrap of 
that sort, ought to be perfectly satisfactory; and with proper production 
the brass ought to be sufficiently pure for cartridges. 

William Hamilton,* Newport News, Va.— Just one word to sub- 
stantiate some of the statements made by Mr. McKinney. I have seen 
his work and know that he has made as fine castings as I have seen. My 
firm made the very same experiments as Mr. McKinney has described 
and found that a great deal depends on the foundry practice. Unless 
manganese bronze is gated at the bottom, you will not get pure metal, 
but will be sure to get a dirty casting. In one case, which Mr. Clamer is 
well acquainted with, we went through a great deal of experimenting to 
get good test pieces and found that the test piece on the bottom of a 
casting did not give any better elongation or reduction of area than 
one taken from the bottom of a riser. The riser was on the top of a 
casting weighing 15,000 lb., the riser was 3 ft., outside diameter, and the 
inside 14 in. When the test piece was taken from the riser, we got 
almost the same result as from the coupon attached to the very bottom 
of the casting, which was about 6 ft. from the top, with that much 
pressure on it. As Mr. Clamer said, there are a great many things we 
have to do for the Government that the Government does not do for 
itself; a great many things pass in its foundries that would not pass in 
ours. Consequently, we have to take tests from different parts of the 
castings. 

As to the ingredients, I have tried this manganese bronze, getting 
the zinc from our own galvanizing plant, and after analyzing have found 
that I made just as good manganese bronze as Parsons could sell us. We 
have just as good manganese bronze out of all scrap, with the excep- 
tion that the elongation is nearly always a little lower. Compared 
with the tensile strength, Mr. McKinney’s elongation is a little lower. 
That is the only difference I have found. We made the bronze in 

♦General Foreman, Iron, Brass, and Steel Foundries, Newport News Shipbuilding 
and Dry Dock Co. 
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crucibles, never in a reverberatory furnace. I have made .tons of it and 
put it into castings and propellers, and I have yet to find it to fail. 

Henry Traphagen,* Toledo, Ohio. — Mr. McKinney^s valuable 
paper has shown us that the material commonly looked upon as worthless 
junk can be made into not only usable, but really good material. His 
results form a remarkable demonstration of the application of the three 
great requisites of successful metallurgical practise; viz., patience, horse- 
sense and elbow grease. 

You will note one significant remark: ^Tf the material is properly 
melted, I can obtain excellent results.'^ He might have added “even 
from junk.^' Careful melting coupled with common sense is the open 
sesame to the reputation of some of our most successful firms, and the 
lack of it, the reason for countless failures. It makes no difference 
whether the product be manganese bronze, high brass, steel or iron, the 
best materials, carelessly melted, spell failure, while poor material, 
properly handled, will often give excellent results. 

It really seems to me that we spend a great deal of time spinning 
fine theories and gazing into microscopes, when we might well give a 
little attention to the man on the job, and the way he handles the furnace. 
Perhaps it is not scientific, probably it does not agree with our ideas of 
dignified discussion, but I have no hesitation in stating, and a fair share 
of experience has proved it, that 95 per cent, of foundry troubles are 
directly traceable, not to abstruse scientific causes, but to plain every day 
carelessness. For instance, about a year ago, a certain foundry made 
heat after heat that failed in reduction of area. Numerous experts were 
consulted and the opinions given would have filled a book, but still 
the heats continued to fail. Microscopic examinations and chemical 
analyses were made almost without number and without a solution 
of the problem. It was then decided to use horse-sense and make the 
men use elbow grease. The same raw materials were melted, but the 
metal was held under a protective slag until quiet; it was then tapped into 
the ladle and held for 10 min. before pouring. The molds were carefully 
cleaned and kept clean, and a large riser was placed over the test bar. 
From that day and until the end of the war, that firm did not have a 
single failure. Yet the same raw materials, the same furnace, the same 
pattern, the same annealing methods were used; in fact, nothing was 
changed except the method of handling. 

Pig metal and scrap are always dirty and more dirt is gathered from 
the furnace and from the molds, and unless the metal is allowed to remain 
quiet and clear itself, failure is almost certain. Mr. McKinney has shown 
the way. Refine hot, pour cool into clean molds, after holding the metal 
for a reasonable time, and many of our kn otty problems will disappear. 

* Metallurgist and Chemist, Toledo Steel Castings Co. 
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Non-metallic Inclusions in Bronze and Brass* 

BY G. F. COMSTOCK, t NIAGARA FALLS, N. Y. 

(Milwaukee Meeting, October, 1918) 

In the literature of metallography there is a large amount of material 
describing the various non-metallic inclusions found in iron and steel, 
and the appearance of sulfides, silicates, oxides, or alumina in steel 
under the microscope is fairly well known. The inclusions found in 
non-ferrous metals are, however, not so well known, at least judging 
from published writings, and the author has been interested in examining 
small castings of copper, brass, or bronze with certain inclusions pur- 
posely mixed with the metal, to see what was the characteristic appear- 
ance of each kind of inclusion, and if they could be readily distinguished 
from one another. 

The method employed in most cases consisted in overheating and oxi- 
dizing a small charge of copper, then cooling it somewhat, and adding a 
suitable amount of the element whose oxide it was desired to observe. 
This element was stirred in well and given time to react with the oxygen 
in the copper, then the melt was poured in a sand mold in the form of a 
cylinder about in. (63 mm.) in each dimension,' with a sprue about 
lyi in. (38 mm.) in diameter and 3 in. (76 mm.) high on top of the 
cylinder, the sprue forming the only riser. Samples for examination 
were cut sometimes from the center of the casting, and sometimes from 
the sprue or riser. A few of these samples were cast in chill molds. The 
appearance of sulfides was studied in an alloy containing 10 per cent, 
each of tin and lead, with which a flux of plaster of Paris was used. The 
appearance of foundry sand was studied in several alloys, one of them 
having sand stirred into the metal intentionally, and others having cut 
into the molds badly when poured, so that the castings were spoiled 
by included sand. 

As all this work was done on alloys having copper as the chief 
ingredient, the natural starting point was copper oxide, the appearance 
of which in a micro-section is well known. Cuprous oxide is soluble in 
molten copper, but separates out in freezing and forms a eutectic con- 
taining 3.5 per cent. CU 2 O, or 0.39 per cent, oxygen. If there is less 


♦ This paper was first printed in the Journal of the American Institute of Metals, 
March, 1918. 
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oxygen than 0.39 per cent., primary crystals of copper are embedded 
in the eutectic; and if more than 0.39 per cent, oxygen is present, the 
eutectic surrounds primary crystals of CU 2 O. Fig. 1 illustrates the 
former condition and Fig. 2 the latter, both showing unetched samples. 
The oxide particles are light blue when examined by white light and 
contrast strongly with the red background of copper. 

Copper absorbs oxygen very readily when melted, but when other 
elements are alloyed with it, the copper oxide is always reduced and the 
added element is oxidized. Tin is one of the most common additions 
to copper, being used in all true bronze, and its oxide takes the form of 
angular crystals or needles of a very dark bluish gray color, as shown in 
Figs. 3, 4, and 5. The first two show views of the same casting poured 
in sand, but Fig. 5 is a view of a chill-easting, in which the tin-oxide 
crystals are much smaller. Special care was taken to avoid contamina- 
tion of either of these heats by anything except copper, tin, and oxygen, 
and in the other cases to be described later equal care was taken to keep 
the heats free from any undesired element. The poor polishing qualities 
of these tin-oxide crystals are noteworthy, as they always appear more 
or less pitted and standing out in relief above the metalhc surface with 
heavy black outlines. This probably indicates that they are hard and 
brittle. After etching with ammonia and hydrogen peroxide, as in Fig. 
4, they appeared still more pitted, as if this reagent had attacked them 
or partly loosened them from the metallic surface. 

It has been suggested that tin oxide occurs as films surrounding 
the primary crystals of the bronze; and although some of these films 
are seen in Fig. 4, the writer believes that they were caused by gas 
dissolved in the metal. The reasons for this view are: the angular 
crystalline form is characteristic of inclusions known to be tin oxide; 
the inclusions are idiomorphic and scattered through the bronze crystals 
rather than between them; the chilled sample (Fig. 5) did not show any of 
the films; and similar films were found in samples containing no tin, 
but zinc and phosphorus, the oxides of which are volatile. The common 
oxide films found so frequently in commercial bronzes are therefore thought 
to be caused either by the volatile oxide of zinc or phosphorus or by 
dissolved gases thrown out of solution when the metal solidifies. These 
films are illustrated in Figs. 6 and 7, the latter being an extreme case, 
where the unsoundness was very evident before the specimen was etched. 
The more usual oxide films, as shown in Fig. 6, do not appear distinctly 
until after etching, as the polishing seems to make the metal flow over 
and hide them. 

Several unsuccessful attempts were made to examine inclusions of 
zinc oxide in brass, but, at first, the only result obtained was an ap- 
parently clean though unsound metal with films and cavities like those 
shown in Figs. 6 and 7. Finally, some typical inclusions were obtained 
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Fig. 1. — Electrolytic copper ingot, showing oxide eutectic, 

X 400. 



UNETCHED. 


Fig. 2. — Badly oxidized copper, showing oxide crystals and eutectic, un- 
etched. X 200. 









Fig. 6. — Typical oxide films and spots in gun-metal bronze casting, etched 
WITH AMMONIA AND HYDROGEN PEROXIDE, X 400. 



G. F. COMSTOCK 



Very unsound spot in bronze casting with 12 per cent, tin and 6 per 
CENT. ZINC, ETCHED LIKE FiG. 6. X 100. 


Fig. 8. — Zinc-oxide inclusions in oxidized copper treated with 30 per cent. 

ZINC, unetched. X 200. 
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in three cases, as shown in Figs. 8, 9, and 10. Some of these appear 
idiomorphic, but they are distinguished from tin-oxide crystals by their 
lighter color, smoother surface, without very dark outlines, and more 
rounded form. Fig. 10 shows metal cast in a chill, hence the inclusions 
are much smaller in it than in the others, which were cast in sand. 

Manganese and phosphorus, when added to oxidized copper, gave 
results like those first obtained with zinc; that is, no typical inclusions 
were found although the castings were not sound. Fig. 11 shows the 
intercrystalline films produced when 0.5 per cent, of phosphorus was 
used to deoxidize some normal copper. These cavities seem to follow 
along the lines where the copper-oxide eutectic would be expected, had 
the metal not been deoxidized. Films that have been described as tin 
oxide are exactly similar to these, which were caused by the volatile 
oxide of phosphorus. Fig. 12 shows some badly oxidized copper after 
treatment with 2 per cent, of phosphorus. The phosphide eutectic 
was abundant here, but no non-metallic inclusions were found, the black 
spots shown being merely cavities. 

While on the subject of phosphorus, it might be of interest to describe 
the writer^s experience in identifying the phosphide in bronzes, although 
of course this cannot be considered a non-metallic inclusion. In speci- 
mens containing copper-tin eutectoid (or delta) and phosphide, these 
two hard bluish substances were found to be indistinguishable when 
etched with ammonia and hydrogen peroxide, or with ferric chloride. But 
before etching, the phosphide could be distinguished from the eutectoid 
because it was darker in color and stood out in relief above the rest of 
the alloy on account of its greater hardness. Also after etching with 
the above-mentioned reagents, if 50 per cent, nitric acid was applied 
the eutectoid was slightly attacked leaving the phosphide perfectly 
bright. As little as about 0.1 per cent, phosphorus can be detected in 
bronzes in this way. Figs. 13, 14, and 15 illustrate the appearance of 
phosphide in the presence of eutectoid when the same specimen is treated 
in different ways. 

These three photomicrographs illustrate the appearance of sulfide 
as well as phosphide in bronze, for the alloy that they represent was made 
with a flux of plaster of Paris covering it in the crucible. The analysis 
of the alloy showed 79.3 per cent, copper, 9.9 per cent, tin, 9.8 per cent, 
lead, 0.4 per cent, phosphorus, 0.36 per cent, sulfur. In the unetched 
section, the sulfide looked rather dark blue, but when the bronze was 
made dark brown by the etching reagents, the sulfides appeared very 
light by comparison, as none of the ordinary reagents attacked them. 
They had more regular rounded shapes than the phosphides, which had 
the typical form of a eutectic, as illustrated in Fig. 15. These two sub- 
stances can also be readily distinguished by the darker color of the 
sulfide either in an unetched section or after etching with ammonia and 









Fig. 13. — Phosphor-bronze showing black spots of lead L, dark gray 

SULFIDE S, BRIGHT DELTA D, AND LIGHT GRAY^PHOSPHIDE P, IN FINE PARTICLES STAND- 
ING OUT IN RELIEF ABOVE THE DELTA D, AND ALPHA A. UnETCHED. X 400. 



Fig. 14. — Same spot as Fig. 13, taken at same magnification after etching 

WITH ammonia and HYDROGEN PEROXIDE, FOLLOWED BY FERRIC CHLORIDE. ThE 
soft cores OF THE ALPHA CRYSTALS ARE HERE SHOWN BLACK LIKE THE LEAD, AND 
THE PHOSPHIDE CANNOT BE DISTINGUISHED FROM THE DELTA OF THE EUTECTOID. 
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Fig. 15. — Like Fig. 14, but after further etching with strong nitric 
ACID. The eutectoid is here distinctly darker than the phosphide, and the 
sulfides appear lighter by contrast with the darkened alpha. 



Fig. 16. — Alumina inclusions in oxidized copper treated with 8 per cent. 
ALUMINUM, UNETCHED. X 200. 
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hydrogen peroxide. Sulfide inclusions in bronze look very similar to the 
few samples of zinc oxide in brass that have come to the writer^s atten- 
tion, but the latter were readily attacked by strong nitric acid, while no 
reagent has been found that darkens the sulfides in bronze. 

The oxide of aluminum, alumina, has exactly the same appearance 
in bronze as in steel, and Figs. 16 and 17 show typical examples, the former 
having been made to contain alumina intentionally and the latter showing 
these inclusions in a regular aluminum bronze casting. The black specks 
shown are probably pits in the polished surface, where particles of 
alumina have fallen out, as these particles themselves are rarely seen in a 



Fig. 19. — Mass of silicate slag formed by remelting oxidized copper and 
SILICON COPPER together, unetched. X 200. 

polished section. The very dark color, small size, close grouping yet 
lack of coalescence, irregular shape, and rough edges due to pitting are 
characteristic of alumina in bronze or cast steel. 

It was thought that silica might have the same appearance in bronze 
as alumina, but the writer has been unable to secure any evidence in 
support of this view. Several attempts to produce silica in copper by 
oxidizing the metal and adding silicon were not very successful, and 
no typical silica inclusions were found. Fig. 18 shows one of the results 
from these attempts. JPart of the view shows oxidized copper, with pale 
round spots of CU 2 O, and part shows silicon copper, clean and sound. 
Between the two are streaks and spots of a very dark material, most of 
which has apparently fallen out of the section in polishing. This may be 
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silica or a silicate. It has no resemblance to alumina, but resembles slag 
in steel quite closely. Fig. 19 shows a mass of silicate or slag included 
in a chill casting made of oxidized copper and silicon remelted together 
several times. Some copper oxide is still present in this specimen, 
but most of the material had been deoxidized by the silicon, and the 
oxidized product or slag had coalesced into fairly large masses and left 
the silicon copper clean. The slag here is not homogeneous, but seems 
to contain particles of copper oxide or some similar substance. 

Figs. 20 and 21 show specimens of foundry sand included in bronze 
castings, the former being aluminum bronze with sand stirred in in- 
tentionally and the latter an ordinary leaded bronze that had burned 
into the mold excessively and so become mixed with sand at the surface. 
The angular form of the inclusions in Fig. 20 would indicate that they 
were grains of sand and not slag formed in the metal, but this distinction 
is not always so clear. In general, it is probably reasonably safe to 
say that where smooth dark-gray inclusions like these are angular in 
shape or have convex sides, they are sand grains; and when their sides 
are concave, they are slag inclusions. The writer is not aware of any 
other distinction between slag inclusions and grains of sand either in 
bronze or cast steel. It should be noted in this connection that it is 
more difficult to polish a sample of bronze containing sand than a similar 
sample of steel, without having the sand fall out leaving merely a pit 
or cavity in the finished section. The cavities thus left cannot generally 
be distinguished from cavities caused by shrinkage, gas, or a volatile 
or powdery oxide of some element like phosphorus or zinc. Another 
point that might be noted in regard to sand inclusions is that when a 
casting containing sand beneath the surface is machined, the tool natur- 
ally pulverizes the sand, and the white powder thus produced may readily 
be mistaken for an oxide in the metal, such as alumina. The particles 
of alumina in bronze or steel, however, are so fine and so intimately 
mixed with metal, as shown by the microscope, that in machining, while 
the point of the tool may be dull^ by them, it is very doubtful if they 
ever break out of the metal chips m sufficient quantity to be recognized 
as a white powder. 

In presenting these notes the writer does not claim to have made 
any remarkable discovery or to have found the best method for identify- 
ing the non-metallic inclusions in non-ferrous metals, nor does he claim 
to be able to identify every inclusion that may occur in a bronze. It is 
hoped, however, that the notes may be of. some interest or possible 
value to other metallographists, and may bring out criticisms or further 
suggestions along these lines which will accelerate progress toward the 
the true interpretation of everything that we see in metals with the 
microscope. 
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Standards for Brass and Bronze Foundries and Metal-finishing 

Processes* 

BY LILLIAN ERSKINE,t NEWARK, N. J. 

(New York Meeting, February, 1919) 

While brass and other copper alloys have long been listed as offering 
health hazards to their workers, it is questionable if the metals involved 
are alone responsible for the trades’ records of morbidity. The entire 
science of foundry sanitation is the product of the past two decades; 
and the best standards now operative would have been regarded as little 
short of revolutionary prior to 1910. 

The special handicap to the conservation of the health of the brass 
founder’s employees has been the fact that, unlike the iron founder, 
his business could be profitably carried on in almost any small and un- 
sanitary quarters. As a result, writers on occupational disease have 
accepted brass chills or brass founders’ ague as an inevitable feature of 
the trade; and respiratory disabilities, as well as phthisis and disturb- 
ances of the nervous system, are also included as prevalent among those 
employed. 

While there can be no question as to the basic accuracy of past investi- 
gations, there is every reason to doubt the necessity for an undue percent- 
age of ill health among brass molders and casters who are safeguarded 
by scientific ventilating standards and by improving personal habits of 
sobriety. There is, however, need for a campaign of education as to the 
most approved practices and equipment whereby the employer may 
safeguard the health of his workers, and thereby reduce his labor turn- 
over and increase his productive efficiency. 

Broadly speaking, copper, tin, and aluminum carry negligible health 
hazards. The toxic qualities of lead, however, are a menace; especially 
if scrap lead is recovered or bought for foundry processes. The rapid 
volatilization of zinc renders its fumes and flocculent condensation the 
chief problems in conserving the health of the brass worker. The fre- 
quent presence in the foundry air of traces of arsenic compounds, lead 

♦Prepared for Lewis T. Bryant, Commissioner of Labor of the State of New 

Jersey. r rr • 

t Investigator of Occupational Diseases for the New Jersey Bureau of Hygiene 

and Sanitation; John Roa6h, Chief. 

VOL. LX. — 26. j 
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oxides, carbon monoxide, oil fumes, and occasional mineral acid and al- 
kali vapors, from cleansing and dipping processes, emphasizes the need 
for free natural or mechanical ventilation. 

On the storage and transportation of the metals needed in furnace 
processes depends but to a minor extent, the amount of dust in the air. 
Where scrap lead is used, the poisonous dust accumulating in bins, or 
scattered during transportation, constitutes a hazard. 

The use of stick phosphorus, instead of a phosphor-copper or phos- 
phor-tin, as a scavenger in bronze is now practised in the small foundry 
only for economic reasons. Special instruction and warning as to its 
highly poisonous character and combustion-hazards are necessary in the 
case of new employees. 


Foundry Construction. 

In foundry construction light and ventilation are the prime requi- 
sites. The English requirement of 2500 cu. ft. of air per brass worker 
engaged in sand foundry casting and of 3500 cu. ft. per worker in rolling- 
mill casting (or similar shops where continuous pouring is practised in 
foundries devoid of mechanical ventilation) is a reasonable standard for 
structural dimensions. 

The mere provision of air space, however, is no guarantee of satisfac- 
tory productive and health standards. Adequate lighting calls for the 
provision of window and skylight area on a basis of 40 per cent, of the 
floor area, provided these are properly located and cleaned at least 
monthly. Fume and dust generally decrease the average of natural 
foundry illumination at the rate of 0.0625 to 0.25 per cent, daily. While 
the height of the side walls should be governed by the size of the 
foundry, a minimum of 15 ft. is essential for free natural ventilation. 

Batteries of pivot center-hung windows satisfactorily meet the 
requirements of both ventilation and light. Illumination may be 
intensified by the substitution of wire glass for sections of the usual 
tight-construction roof of the monitor or side bays. Flat wire-glass 
skylights (hinged at the upper end to permit of their partial raising) 
will provide additional light and ventilation. The “hot-house^’ glass 
type of foundry construction, however, involves excessive sun exposure 
during 8 mo. of the year. Sawtooth roof construction gives admirable 
lighting but does not ensure satisfactory removal of fume and heat. 

Since a southern exposure offers excess sunlight on the molding floor, 
it is well to install offices, core rooms, etc. on the south side of the 
buUding, leaving the west, north, and east walls free for lighting and 
ventilation of founding processes. 

In sand-casting operations, the ingress of fresh air must be provided 
by windows; preferably pivot center-hung and operated in batteries. 
As too strong a draft of air may develop spills, during the cold months all 
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doors should be vestibuled except in the melting department and there 
also should be a convenient method of floor control over window openings. 

In continuous pouring processes there should be a hberal provision of 
side doors, as well as horizontally or vertically pivoted windows. There 
should be an upward sweep of air from or near the level of the floor; 
no disadvantage to the product from chilling need be feared. 

Roof Ventilation 

While the new type of inverted center peak roof gives exceptionally 
satisfactory results, the monitor type is still universally accepted as the 
standard. The angle of the roof peak should not fall far below 30°, 
as the upward rush of fume is easily checked and deflected by flattening 
the apex. The width of a monitor should be at least 15 per cent, of that 
of the building and 20 per cent, is better as a wider monitor gives better 
lighting facilities. In a monitor having a greater width than 20 per cent, 
there is a probability of the chilling and backing of zinc fumes. The 
height of the side walls of the monitor should never fall below 4 ft. 
when open slat louvers run its entire length. 

Pivot center-hung windows, when installed, should run the length of 
the monitor and be at least 3 ft. in height, operated from the floor, and 
so swung through an arc of 90° that they may be kept in a horizontal 
position in clear weather, thereby creating a continuous draft through the 
monitor and preventing a downward current of chilled air. 

Ordinarily, the monitor runs the full length of the building; but a type 
of cross-monitor, construction, above cross batteries of pit furnaces and 
flasks, has been successful in preventing zinc fumes from being driven in 
the faces of casters to leeward of the prevailing air currents. 

However satisfactory a liberal provision of the cowl or siphon type 
of natural-draft ventilator may have proved for general foundry condi- 
tions, the evolution of zinc fume in the pouring of yellow brass requires 
a freer roof ventilation than can be provided by any of the present models. 
This does not apply to individual installations over batteries of open- 
flame tilt furnaces, which are noted later. 

Furnaces and Hoods 

The pit crucible variety of furnace has long been the standard type 
for the brass and bronze industries. Open-flame oil and gas-fired fur- 
naces, however, are now being used. The chief hygienic advantages of 
the pit crucible are: The initial melting fumes are almost invariably 
removed by the requisite chimney or stack draft; in tight-roof foundries 
mechanically ventilated hoods can be constructed above the batteries 
of fires, ensuring the safeguarding of the worker during incidental charging 
and skimming processes; the brass (usually yellow and carrying a high 
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perc6ntage of zinc) is poured direct from the melting crucible, thus 
eliminating the double fume exposure called for in tilt furnace processes. 
The chief disadvantage of the pit furnace is the radiation of excessive 
heat. This may be overcome by a basement construction, which leaves 
at least a 6-ft. passageway (ventilated by flues or windows direct to the 
outer air) in front of the battery of fires. Ashes can be removed through 
this basement and the danger of a slow melt, from starved drafts depend- 
ent on working-floor conditions, is avoided. 

Stacks 

The question of adequate draft for the pit furnace is governed by 
the diameter and height of the chimney and the number of fires it is 
designed to carry. Five fires or less call for a minimum stack diameter of 
18 in.; thirty fires require a minimum diameter pf 38 in.; and forty fires 
require a minimum of 45 in. Generally speaking, the height of the stack 
should be from twenty to twenty-five times the diameter; but adjacent 
buildings may make it necessary to increase these figures. The chilling 
of ascending heated currents of air by excessive height, however, is often 
responsible for the backing up of irritating and injurious fumes. 

The chilling of ascending air currents is a greater handicap in the metal 
stack than the brick chimney. If preheating is necessary, it may be 
accomplished by introducing steam through a cock situated near the 
base or by burning wood to induce an up-draft before the actual fire is 
laid. The jacketing of an unlined metal stack by means of an outer 
shell, allowing about 2 in. of air space between it and the circumference, 
will prevent chilling and backing of fumes. A firebrick lining accomplishes 
the same result. 


Hoods 

In old-type foundries, the installation of a ventilated metal hood over 
the pit fires is a safeguard against incidental fumes and excessive heat. 
The area of the hood should equal the area occupied by the battery of 
fires and the pit and its lower edge should not be more than 6 ft. 6 in. 
above the floor level. Straight, natural-draft stacks direct to the outer 
air, not less than 24 in. in diameter, and in a proportion of one to every 
10 ft. of hood length, may be preferably employed. If, for structural 
reasons, the ventilating stack leads to the main furnace stack, elbows 
should be avoided and the ventilating stack should enter the furnace 
stack at an angle of not more than 45°. Fans and a standard pipe system 
are requisite when free roof ventilation cannot be secured or the location 
of the main stack does not permit of satisfactory connection. 

Where the battery of pit fires is located against an outer wall, center- 
hung windows, in a proportion of one to every five fires, should be provided. 
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Since air currents always short-circuit along the lines of least resistance, 
free window ventilation or excess pull on a ventilating hood may hinder 
the pit-draft and a slow melt result. This may be prevented by the 
basement type of construction already noted; or by pit flues leading direct 
to the outer air. A pit 6 ft. deep by 7 ft. wide ensures freedom from the 
effects of short-circuiting. 


Gratings 

Grating bars should be set in the frame and not cast, thereby avoiding 
warping and accident hazards. Metal plates with staggered perfora- 
tions may be used; but care must be taken against starving the pit draft 
by too scant provision of openings, unless special flues are provided. 
In continuous casting shops, the old-fashioned movable oak plank (in 
spite of accident risk) is frequently employed. The basement corridor 
construction permits a tight metal working floor, as the problem of excess 
•heat is practically eliminated and all ashes are removed from below. 

Gas and Oil-fed Furnaces 

The open-flame oil furnace always requires hooding and direct stack 
ventilation to the outer air. When the roof construction prohibits 
natural draft, a deep hood and direct fan pull, unobstructed by elbows, 
is essential for the removal of fume and heat. The practical separation, 
by means of hooding or partial partition of the melting from the pouring 
process, is of unquestioned advantage. 

On a 60-in. open-flame oil furnace, the angled, oblong bell of the hood 
should be at least 10 ft. long by 5 ft. 6 in. wide and installed at a height 
of not more than 6 ft. 6 in. above floor level. On a 42-in. furnace, the 
hood should be at least 6 ft. 6 in. long by 40 in. wide. When ordinary 
sheet iron is employed, the limited area upon which the direct flame im- 
pinges should be reinforced by an inner skin preferably of steel, 

which can be easily renewed, thereby conserving the life of the hood. 

The single stack on the hood of a 42-in. open-flame oil furnace should 
be at least 30 in. in diameter; for the hood of a 60-in. open-flame oil 
furnace, the 36-in. stack is required. Where a double stack is installed 
over a 60-in. furnace, each stack should be at least 22 in. in diameter. 
A height, over all, of from six to eight times the diameter of the stack 
is sufficient, unless adjoining buildings make an increased height neces- 
sary. Since the danger points fr6m brass fumes in skimming and initial 
pouring are located within the area protected by the hood, its size and 
ventilating capacity are of importance. 

The same standards apply to tilt furnaces in the bronze foundry; 
where the less obvious hazard of arsenic fumes and products of com- 
bustion may prove a health menace. 
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Where a battery of Rockwell furnaces is located against an outer wall, 
a hood or naetal curtain should be dropped from the roof over and in front 
of the line to within 6 ft. 6 in. of the working platform. Center-hung 
windows, in a proportion of one to each furnace, should be provided in 
addition to natural draft or revolving ventilating hoods direct to the outer 
air. If the wall can only be opened up near the eaves, wall fans may be 
installed. Where a dead wall exists. but roof ventilation is possible, the 
hooded area should be provided with revolving ventilating hoods of an 
approved type, direct to the outer air. These should be in a proportion 
of one to every two furnaces and have a minimum diameter of 48 in. 
Where natural-draft stacks are employed, the same diameter is needed 
and a minimum height over all of six to eight times the diameter. 

Where a battery of furnaces is located in or near the center of the 
workroom, a hood at least 10 ft. wide by 8 ft. high should be installed 
above the entire line, and dropped to within 6 ft. 6 in. of the floor. The 
ventilating provisions should be identical with those just described. 

Ventilating System 

For satisfactory mechanical ventilation of the tight-roof foundry, 
the cubic contents of the space from which air must be removed, as well 
as the frequency of change called for, should be scientifically computed. 
By installing a well-designed pipe system, with its branched openings 
dropped to within 3 ft. of the floor and connected to a housed fan, a 
steady change of air every few minutes can be maintained at a* low 
expense of upkeep. Almost any of the numerous bladed types of exhaust 
fans may be used; but, generally speaking, the smaller the fan unit, the 
greater is the total horsepower expended for the given change of air. 

In handling 6000 cu. ft. of air in a typical cellar foundry 20 by 30 
by 10 ft., Table 1 may be taken as a guide. This table shows the relative 


Table 1. — Ventilation Data for Small Cellar Foundry 


Number of 
Exhaust Fan 

Diameter of Exhauster 
Inlet, Inches 

Horsepower Required 

Cubic Feet of Air per 
Minute Delivered by 
Exhauster 

3 

mi 

2.48 

4040 

3^ 

20 

3.85 

5750 

4 

22M 

2.24 

5740 

4H 

26% 

1.71 

6130 

5 

28% 

1 0.98 

5870 

W2 

31% 

! 0.65 

5800 

6 

34% 

0.50 

5970 


costliness of upkeep, in horsepower expended, for a small fan installation. 
Even when driven at the higher speeds, the skin friction developed in too 
small a pipe makes the seeming initial economy an ultimate financial 
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handicap. A No. 3 fan handles but 4040 cu. ft. of air per min., with 2.48 
horsepower, through a pipe having an area of approximately 1.5 sq. 
ft., and at a velocity of some 2666 ft. per min. A No. 6 fan easily handles 
5970 cu. ft. per min., with less than horsepower, through a pipe having 
an area of about 6.2 sq. ft., with a velocity of approximately 962 ft. per 
min. 

Table 2 may be used to determine the size of the exhauster that will 
most economically provide the air change that healthful working 
conditions demand: In the case of a typical old-type foundry 20 by 


Table 2. — Exhaust Fan Data 


Number of 
Exhaust Fan 

Diameter of Exhauster 
Inlet, Inches 

Horsepower Required 

Cubic Feet of Air per 
Minute Delivered by 
Exhauster 

3 

mi 

0.13 

1490 

3K 

20 

0.17 

2030 

4 

22% 

0.22 

2650 


25% 

0.28 

3360 

5 

• 28% 

0.35 

4150 


31% 

0.42 

5020 

6 j 

34% 

0.50 

5970 


30 by 10 ft. containing 6000 cu. ft. of air, a No. 3 exhaust fan using 
but 0.13 horsepower will give an approximately complete air change 
every 4 min. This 4-min, change is a safe minimum standard for a 
tight-roof foundry, provided local skimming-hood protection is provided 
in addition. 

The various fittings and accessories must conform to the standards 
of the New Jersey Bureau of Hygiene and Sanitation. 

Local Skimming Hoods and Working Platforms 

Yellow-brass foundries should install local exhaust hoods for the re- 
moval of skimming fumes; these are connected to the main exhaust 
system and are usually dropped beside the brick or iron supports of the 
bays. A 14-in. pipe flaring to a 24-in. hood at a point 3 ft. above the 
ground, the back of the hood being dropped to the floor level leaving a 
projecting half moon above the crucible, gives the best results. An air 
velocity of 3000 lin. ft. per min. should be maintained. 

The bars of working platforms of stationary furnaces should be inset, 
not cast in the frame. No solid metal plates should be used, because of 
radiated heat. 

Specifications for Exhaust Systems 

The faulty construction of blower systems, due to lack of specific 
engineering standards, is the greatest handicap to satisfactory fume, heat, 
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and dust removal in the foundry. The questions of material and the 
scientific coordination of all details that will aid the flow of air generated, 
without increasing the cost of operation, must be fully understood to 
insure satisfactory results. Standard specifications are provided by the 
New Jersey Bureau of Hygiene and Sanitation. 


Foundry Heating 

The question of equalizing extremes of temperature by means of a 
mechanical heating and ventilating system is of prime importance to the 
employee and the employer in the larger sand-casting foundry. Few in- 
dustrial health hazards are more depressing to vitality or more psycholog- 
ically and physically conducive to intemperance than the damp chill 
of the unheated foundry. The prevalence of rheumatism and respiratory 
diseases among molders and casters is in some measure due to lack of 
dressing-room and washing facilities; but the prime cause for molders is 
the blanket of moisture-laden air above the damp molding floor of the one- 
shift plant, the temperature of which is not sufficiently raised to ensure 
evaporation until pouring takes place, and then only to a localized degree. 

The best modern heating practice relies on a forced system of warm 
air diffusion by means of a housed fan and pipes. The fresh-air supply 
is drawn from the outside over a bank of steam coils, put through the 
fan, and then delivered through ducts to various points within a few 
feet of the floor level. By this means the coldest foundry may be heated 
in zero weather within from H hr. to 1 hr., the cold air in the foundry 
being rapidly displaced by the volume of heated outside air circulated 
by the fan. During preliminary heating the fan can be speeded to its 
maximum delivery; but as soon as a sufficient temperature has been 
reached, its normal speed can be resumed and maintained. 

In addition to the advantage of placing the heated air at practically 
the floor level, this method permits thermostat control. By this means 
the amount of steam supplied through the heating coils can be automat- 
ically regulated; so that the temperature can be kept within 2° of the 
desired standard (55°) regardless of the outdoor temperature or the negli- 
gence or whims of any person. The necessity for guarding against the 
freezing of the molding sands dictates the maintenance of a safe minimum 
temperature at all hours during extreme weather. 


Artificial Lighting 

Foundry work is generally reckoned (in standard lighting codes) 
as requiring from 2 to 4 foot-candles. Whenever, owing to weather 
conditions or structural defects, natural light falls bdow this intensity^ 
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artificial lighting must be used and may be roughly reckoned, with a 
good overhead system, on a basis that 1 foot-candle (spherical) per 
square foot of floor area will produce an illumination of about 3 foot- 
candles. A code of lighting has been prepared by the Bureau of Elec- 
trical Equipment, New Jersey Dept, of Labor. 

The advantages of a good modern tungsten-lamp equipment in the 
foundry are: Increased production, greater accuracy in workmanship, 
reduced accident hazard, reduction of eye strain, reduction of labor turn- 
over due to more cheerful surroundings, lessening of fatigue and shop 
friction, promotion of good housekeeping, and improved facilities 
for superintendence and inspection. Owing to prevailing smoke and dust 
exposure, the lighting equipment deteriorates at the rate of 0.0625 to 
0.25 per cent, daily. As in the case of windows and skylights, a regular 
follow-up system of cleaning should be maintained. 


Floors and Gangways 

The value of materials handled in the brass and bronze foundry 
does not permit a sand molding floor. Cement is more popular than brick 
with the workers, and metal-plate gangways are frequently adopted. 
Belgian brick makes a satisfactory molding floor. A layer of sand 
insulates the brick against incidental hazard from molten metal, and 
the sand can be easily collected and renewed when its periodical recovery- 
treatment for valuable content becomes necessary. 

To avoid accident, it is essential to guard against excess moisture on 
all cement and metal-plate surfaces; and to set a minimum standard of 
5 ft. for all main gangways along which the ladles must travel. 

Flask Racks 

Where small sized standard products are habitually handled, the use 
of rows of fixed metal racks, or horses, upon which the flasks may be laid 
before pouring, conserves the physical efficiency of the molder, by the 
resulting saving in foot-pounds of energy ordinarily expended in stoop- 
ing to the floor-level. 


Pattern Shop 

All dust and refuse material produced by woodworking machinery 
in the pattern shop should be removed by an exhaust system, con- 
structed in accordance with standard specifications, and provided with a 
device for injecting steam into the pipes to extinguish any blaze. Not 
only the conservation of health, but lessening of fire hazards dictate 
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such an installation. (See Standards of 'the New Jersey Bureau of 
Hygiene and Sanitation.) 


Core Ovens 

No type of oven, whether of the drawer or revolving-table variety, 
is always fume-tight during filling and discharging operations. Even 
though the oven is equipped with reasonably effective exhaust ventila- 
tion, a mechanically ventilated hood should be installed above the work- 
ing doors. The hood should be of the same width as the core oven; and 
where only one set of doors or drawers is used, may be of the half-moon 
tjrpe overhanging the side where fumes are detected. A 5-in. ventilating 
pipe through which an air velocity of 1000 lin. ft. per min. is maintained 
is sufficient to care for every 5 ft. of oven width. 

Where the core ovens are installed in a double-ended battery, worked 
on both sides, a hood should be suspended over the entire installation 
and mechanically ventilated by means of 5-in. pipes in the proportion of 
one to every 25 sq. ft. of hood. If natural-draft ventilation is relied 
upon, the ventilating pipe should run direct to the outer air, or enter an 
adjacent stack at an angle not to exceed 45°. The diameter of such a 
pipe should be at least 14 in. to every 25 sq. ft. of hood area. 

Tumbling Barbels 

All barrels should be equipped with exhaust pipes of the proper pro- 
portions. A minimum diameter of 4 in. is essential, and the suction 
generated may vary from 1 to 2 in. (static method) according to the char- 
acter of the dust. 


Buffing, Polishing, and Grinding 

All dust generated in the process of buffing, polishing, and grinding 
should be removed by an exhaust system constructed in accordance with 
the details given in Table 3. A satisfactory balance must be maintained 
between the air exhausted and the supply admitted to take its place. 
Ingress openings should be at least three times the area of the egress 
openings. If evenly distributed, and if the air is admitted over warm 
steam coils in winter, a fairly draftless ventilating system can be main- 
tained. Wheels of a special type may require larger pipe sizes than 
those indicated. (See Standards New Jersey Dept, of Labor). Steel 
safety hoods or some other approved safety device should be installed on 
sblid grinding wheels. 

All emery belts should be equipped with exhaust pipes, the size of 
which must be determined by the width and operation of the emery 
belts. 
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Table 3. — Size of Branch Pipes for Buffing, Polishing, and Grinding 

Wheels 


Diameter of Wheels, Inches 

Size of Branch Pipe for 

Rag Wheels, Inches 

Hard Wheels, Inches 

6 or less 

3.0 

3 

7 to 12 ■ 

'4.0 


7 to 16 


4 

13 to 16 

4.5 


17 to 24 

5.0 

5 

25 to 30 

6.0 



Proportions of Exhaust Fan and Piping 

The inlet of the exhaust fan should be at least 20 per cent, greater in 
area than the combined areas of the several connections to the hoods, 
and this increase should be carried proportionately in the main pipe 
throughout the entire trunk line. The piping on the outlet of the ex- 
hauster should also be at least 20 per cent, greater in area than the com- 
bined areas of the several connections to the hoods. The main trunk 
line should be provided with suitable cleanouts not more than 10 ft. 
apart, and the end of the main trunk line should be blanked off with a 
remov*able cap placed on the end. 


Test 

Sufficient suction head should be maintained in each branch pipe 
within 15 in. of the hood to displace 2 in. of water in a U-shaped tube. 
The pressure is to be taken by pressing the tube attachment over a 
small opening through the pipe, commonly called the static method. 
Tests are to be made with all branches open and unobstructed. 

Sand-blast Rooms and Apparatus 

Sand-blast cabinets should be provided with reasonably dust-tight 
flaps or similar protective device over the two openings through 
which the workers^ hands must be inserted and should be mechanic- 
ally exhausted by means of at least a 3-in. pipe connected to a fan system, 
through which a linear air velocity of at least 2000 ft. per min. is main- 
tained. If a cover of fine wire gauze protects the back of the glass 
window through which the operative watches his work, the glass will 
not become clouded by the abrasive action of the sand. Working 
gauntlets should be provided and all parts of the cabinet kept in repair 
to guard against leaks. 

On larger work and that which requires cleaning, the commercial 
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types of mechanically exhausted sand-blast barrels and rotary tables 
are both sanitary and satisfactory. 

When the character of work handled is of too great a size to permit 
the employment of the rotary table, only the most approved make of 
air-tight and mechanically exhausted sand-blast room should be installed. 
It is essential that in addition to the overhead fresh-air supply, the floor 
be provided with a grating and be exhausted by means of a powerful 
down pull and that the operative be provided with special clothing and 
a helmet. In an efficient equipment the air of the room is completely 
changed every 6 sec. 


Babbitt and Lead Alloys 

As the lead content of white-metal bearing alloys may run as high 
as 90 per cent., the control of the health hazards involved in their pro- 
duction is needed. Scientifically speaking, there is no hazard from lead 
fume, as the temperature of the kettles is never allowed to run high 
enough to cause actual volatilization of the lead. The danger of lead 
poisoning is from the oxides that form on the surface of the molten metal, 
and are scattered as impalpable dust by every draft, or by the operation 
of charging and skimming. 

When pig lead is habitually used, the health of the worker may be 
protected by means of a mechanically exhausted crescent-shaped hood 
installed at the back of the kettle. This open-shield hood covers from 
333^ per cent, to 50 per cent, of the rear of the kettle, leaving the working 
side free. It is ventilated at its base by a pipe connected to a fan, and 
the miniTniim pull of 1000 lin. ft. per min. is sufficient to induce a steady 
air current away from the worker. 

When scrap lead is used and when old bearings are melted out, etc., 
a tight exhaust hood is necessary; also extra cleanliness should be observed 
on the part of the workers. In all lead-kettle processes, metal recep- 
tacles should be used for skimmings and no lead materials should be 
allowed to accumulate on the working floors. 

Dipping 

No fumes caused by metal dipping in acid or alkali solutions should be 
permitted to contaminate the air of the workroom. They should be 
promptly removed at the point of origin by means of a boxlike duct 
installed at the back of the crocks commonly used. This duct should be 
constructed of wood of metal. The main duct should have a cross- 
sectional area at least equal to one-half the combined areas of exhaust 
openings. The bottom of main duct should be 7 in. wide ; the front should 
incline at an angle of 115° to the bottom. Exhaust openings with an 
area equal to 25 per cent, of the area of the liquid giving off the fumes 
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should be located as near the point of origin of the fumes as the nature of 
the work will permit. A velocity of air of 1000 lin. ft. per min. should 
be generated in each exhaust opening. If sheet metal is used in the con- 
struction of the duct, an acid-resisting paint should be used to prevent 
corrosion. The exhaust fan should be treated with acid-resisting paint 
to prevent corrosion. Floor gratings should be provided and rubber 
gloves for the operatives. 

Plating 

It is essential that a system of mechanical- ventilation ensure freedom 
from stagnant air in the plating room. This may be accomplished 
by means of wall fans, when the tanks are located near the side of the room ; 
or by overhead hoods mechanically exhausted; or with ventilating stacks, 
when the plating operations are carried on in the middle of a department. 
A natural-draft hood, to be effective, should only depend on a stack or 
stacks direct to the outer air, in a proportion of a square 12-in. stack 
to every 36 sq. ft. of hood area. Wooden gratings should always be 
provided in the plating room and rubber gloves should be provided for the 
operators. 

Enamels and Lacquers 

The solvents for the pyroxylin, which forms the basis for the lacquers 
and enamels used on metal-finishing, are not only highly inflammable 
but poisonous to those exposed to their fumes. Wood alcohol, benzol, 
amylacetate, amylalcohol, volatile ketones, and acetone are (except the 
last two) admitted to be injurious to all who breathe them. 

The fumes evolved during dipping or spraying should be controlled 
at their point of origin. Mechanically exhausted spray booths are now 
in the market, or may be “home made;” but the only type that should be 
chosen is one with an overhung top and a sufficient fan pull on the ex- 
hauster to ensure an air motion of at least 2000 lin. ft. per min. As the 
£yj]^0g 3^1.0 heavy, the exhaust vent should be at the back of the booth and 
on a level with the face of the operative. If a second exhaust opening is 
required on large work, a down pull through a bottom grating will be 
found more satisfactory than an overhead equipment. 

A balanced supply of fresh air should be admitted to the lacquering 
department. This should pass over steam coils in winter, so as not to 
unduly lower the temperature of the room. 

Washing, Toilet, and Dressing-room Facilities 

Standards have been adopted for washing, toilet, and dressing-room 
facilities by the New Jersey Department of Labor. 



414 


STANDAEDS FOB BRASS AND BRONZE FOUNDRIES 


DISCUSSION 

Jesse L. Jones,* Pittsburgh, Pa. — I would like to ask Miss Erskine if 
down-draft has been used in any of the foundries where heavy fumes 
have to be removed, instead of the overhead draft? 

L. Erskine. — The system of overhead draft to remove heavy fumes 
has been very much more successful. The entire efforts of the New 
Jersey Department of Labor in regard to stabilizing conditions in the 
foundry are the result of the physical examination of the foundryman 
himself on first-hand information as to the prevalence of the minor 
ailments and the bad timekeeping that naturally accompanies them. 
These ailments are a factor in not only increasing the labor turnover 
but in increasing the percentage of bad work as well. The physical 
exertion of the foimdryman himself is of course an important factor. 
In certain standard shops the amount of energy expended runs from 
11 to 13 tons of foot-pounds of energy a day. In certain shops on piece 
work, I found a record of the energy expended per day to run as high as 
22 tons. In one shop, during the war period, the management established 
a bonus system, and the men increased their output from 60 to 100 molds 
a day. The result was an increase of some 60 per cent, in output, and 
an increase of 400 per cent, in defective castings. 

The question of the physical exertion in the unsanitary foundries, of 
course, is very much complicated by other factors, for which reason 
the department has devoted a good deal of attention to estimating what 
is a reasonable exertion in a sanitary, well ventilated foundry. We have 
met certain physical difficulties in the brass foundries that the iron 
foundries did not have. All that information is available through our 
Bureau of Industrial Information. The question of the physical energy 
exerted by the molder is found to have a very distinct bearing on the 
question of contracts, for the possibility of increasing production is 
balanced by the extra overhead involved. 

Jesse L. Jones. — I would like to ask if any evidence has been noticed 
of carbon-monoxide poisoning among the employees of the foundries. 

L. Erskine. — I have had some very interesting cases of carbon- 
monoxide poisoning among the employees. These, however, were due 
to an incidental condition, which was rapidly corrected. But we have 
all had the experience that during the last 3 years the procuring of 
material and men, and the general question of upkeep, is not on a standard 
basis, so that in many instances the question of establishing a natural 
ventilating system, by even so crude a method as knocking out a section 
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of the wall, has been necessary. In some instances this has produced 
much more satisfactory results, I must admit, than some of the mechan- 
ical ventilating systems that have been devised by inexperienced 
engineers. 

G. H. Clamer,* Philadelphia, Pa. — I should like to ask Miss Erskine 
if there have been any installations directly connected with the molds, 
for exhausting the atmosphere, as compared with exhausting the entire 
atmosphere of the foundry? In the foundry with which I am connected 
we pour our molds, as they do in most foundries, over the whole floor and 
a great many of our alloys are of very high content; therefore it would be 
very desirable if we could get some means of exhausting the atmosphere 
just at the point at which the metal is poured. We have never been able 
to figure out an arrangement that has been satisfactory. 

L. Erskine. — To install a ventilating system directly over the pouring 
flow has proved very satisfactory. It has been done by dropping a 
metal curtain, which practically surrounds the pouring area; and by 
installing an auxiliary fan in the monitor, it has been found that the fumes 
are readily started in the direction desired. The trouble with most of 
the monitors is that they have been used for lighting purposes, and that 
where the width exceeds 20 per cent, of the foundry's width, they have 
given unsatisfactory results. Dropping the metal curtain, with a narrow 
enough monitor in which the windows are properly regulated, I think 
will give very satisfactory results. 


‘ * First Vice-president and Secretary, Ajax Metal Co. 
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Volatility of Constituents of Brass* 

BY JOHN JOHNSTON t, ST. LOUIS, MO. 

(Milwaukee Meeting, October, 1918) 

The actual amount of any metal volatilized from a mixture of metals 
depends on the magnitude of its partial vapor pressure under the specified 
conditions of temperature, and on the circumstances attending the 
heating — in particular, on the duration of heating, the volume of gas 
coming into actual contact with the surface of the metal, the extent of 
this surface, and the rate of diffusion of the volatile metal from the body 
of the melt toward the surface.^ If two (or more) metals are volatilizing 
from the same mixture of metals, the several conditions are identical 
except for the difference in partial pressure and in rate of diffusion of the 
volatilizing metals; the second of these two factors is without doubt 
only of secondary importance as it is probable that tffe rates of diffusion 
of the volatilizing metals would be very similar. Hence, in order to 
gain an estimate of the relative amounts of two metals that may be 
volatilized from a given mixture, it is necessary to know the vapor pres- 
sure, or, more precisely, to ascertain for each metal its partial vapor pres- 
sure in equilibrium with the liquid (or solid) alloy under the particular 
circumstances. The partial pressure of each constituent depends on 
the effective concentration of that constituent in the alloy^ as well as 
on the vapor pressure of the constituent when pure, and it can be cal- 
culated when both of the above factors are known. The first step, 
therefore, is to ascertain the vapor pressure of the several pure metals. 

Vapor Pressure of Pure Metals 

The experimental data on the vapor pressure of the several pure 
metals with which we are here concerned are not so accurate as could 
be wished, nor have the determinations been made in general at tem- 
peratures such that the results can be used directly. In a previous 

* This paper was first printed in the Journal of the American Institute of Metals, 
March, 1918. 

t Research Department, American Zinc, Lead, and Smelting Co. 

^ Possibly also on the latent heat of vaporization and the rate of gaseous diffusion, 
but these would also be subsidiary factors. 

2 Presumed homogeneous. If the metals are present merely as a mechanical mix- 
ture, each will show the vapor pressure corresponding to its particular degree of purity. 
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paper® the various data were discussed and collated,^ and it was found 
that the following formulas suffice to reproduce the experimental values 
and so represent the vapor pressure curve as well as it is now determined: 


For cadmium, log p = 

For zinc, log p = 

For lead, log p = 

For copper, log p = 

For iron, log p = 


5,460 ^ T -h 8.04 
6,290 T + 8 14 
9,900 ^ T + 8 05 
16,400 ^ T -f 9.14 
17,000 T + 9.10 


in which p = vapor pressure expressed in millimeters mercury ; T = absolute 
temperature {i.e., ^ + 273, where t is the temperature in degrees centi- 
grade). The accuracy of values calculated from the above formulas 
is of course limited by the uncertainty attaching to the original data; 
for cadmium and zinc the experimental data extend over a wide range 
so the curVe is sufficiently accurate for all present purposes, but for the 
other metals one can be sure of little more than that the calculated 
values are of the right order of magnitude. On the basis of the fore- 
going expressions, the vapor pressure of the several pure metals at a 
series of temperatures is as given in Table 1. 


Table 1. — Vapor Pressure of Metals at Various Teruperaturcs 


Temperature 

Vapor Pressure, Expressed in mm Mercury 

t°c ! 

T 

j Cadmium 

j Zinc 

1 Lead 

1 Copper 

1 Iron 

950 

\ 1223 

3800 

1000 

0 9 

5'4 X 10-5 

1 6 X 10-5 

1000 

1273 i 

5600 

1590 

1 9 1 

1 8 X 10--' 

5 6 X 10-5 

1050 

1323 

8100 

2450 * 

3 7 

5 6 X lO-’ 

1.8 X 10-‘ 

1100 

1373 ! 

11500 

3650 1 

7 0 

1 6 X 10-5 

5.3 X 10-‘ 

1150 

1423 I 

16000 

5250 

12 3 

T 

o 

X 

1 4 X 10-5 


From inspection of Table 1, it is evident that whereas the individual 
vapor pressures increase rapidly with the temperature, the ratio of the 
vapor pressures of any pair does not vary much; as is indeed obvious 
from comparison of the formulas. For instance, the ratio of the vapor 
pressure of zinc to that of cadmium between 500° and 1000° ranges from 
about 1:7 to 1:4, and so the degree of separation achieved would be 
substantially independent of the temperature at which distillation of a 
mixture of specified composition is conducted. Accordingly, in attempt- 
ing to separate two metals by fractional distillation, one would choose the 
temperature that is for other reasons most convenient, because relatively 
little is gained merely by changing the pressure, a nd hence the temper- 

3 Journal of Industrial & Engineering Chemistry (1917) 9, 873; see also J. H. 
Hildebrand, Journal, American Chemical Society (1918) 40, 45. 

TOL. LX. 27 . 
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ature.^ In this connection, it may be remarked that nothing is gained 
by changing the pressure of air (or other indifferent gas) upon the liquid, 
because the influence of pressure exerted in this way is in such cases 
negligible; this is stated here specifically because assertions implying 
the contrary are occasionally encountered. 

The figures presented in Table 1, or the formulas, represent the vapor 
pressure of each of the metals in a pure state and, consequently, give 
the maximum value that can be observed at each temperature. The 
vapor pressure will also attain this maximum value whenever the metal 
is present as a pure phase in a mixture — in other words, where it is 
present in excess of its solubility in the mixture. This may be the 
case with lead even when comparatively small quantities of it are present 
in a brass. But when a metal is present in a homogeneous mixture, 
its partial vapor pressure will always be less than that of the pure metal 
at the same temperature, in accordance with the well known fact that the 
vapor pressure of a substance is lowered when a second substance is 
dissolved in it. 

The partial vapor pressure of a metal in solution depends on its 
actual concentration or, better, on its effective mole fraction, in the 
solution. When 1/n of the total moles present are moles of X, the mole 
fraction of X is 1/n, and the partial pressure of the molecular species X 
is 1/n of that of pure X (in which the mole fraction of X is, by definition, 
unity) at the same temperature. In making use of this rule it is to be 
borne in mind that the mole fraction of X is not necessarily given by the 
gross proportion of X (e,g. as determined by chemical analyses) in the 
mixture; for part of it may be present in other molecular species, e.gr., 
as a compound. As an example, if the molecular proportion of zinc pre- 
sent in solution in a homogeneous mixture were 50 per cent, or 10 per 
cent., the partial vapor pressure of zinc would be one-half or one-tenth 
of that of pure zinc at the same temperature; but if in a homogeneous 
solution made by mixing 50 moles of zinc and 50 moles of a second 
metal, 25 of each have united to form a compound, the total number 
of moles is reduced to 75, the mole fraction of each molecular species 
is one-third, and accordingly the partial pressure of zinc is only one-third 
of that of pure zinc at the same temperature. The rule given has been 
shown to hold for binary alloys of which mercury is one constituent^® 


^ If, however, the two metals form a compound that ceases to be stable above a cer- 
tain temperature, one would gain by carrying out the process above that temperature; 
likewise if the metals are not completely miscible at all temperatures it would be 
advantageous to choose the temperature where the mutual solubility is least, con- 
sistent with the practical carrying out of the distillation. 

® See papers by J. H. Hildebrand, Journal^ American Chemical Society (1913), 
36, 501; Ihid.j (1916) 38, 1452; J. H. Hildebrand and E. D. Eastman: Ibid. (1914) 36, 
2020; (1915) 37, 2452. 
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it has not been demonstrated for the case under discussion, but there is 
every reason to believe that the cases are analogous and that its applica- 
tion to brasses therefore will yield results which are at least approxi- 
mately true. 

Partial Vapor Pressure of Zinc from Brass 

The experimental data bearing on this have been brought together 
by Gillett,® and are given in Table 2. The first column gives the gross 


Table 2. — Partial Vapor Pressure of Zinc from Brass 


Percentage 
of Zinc 
in Brass 

Temperature 

Centigrade 

t 

Partial Pressure 
of Zinc from Brass 
at t 

P Atm. 

Vapor Pressure 
of Pure Zinc at 
t 

P' Atm. 

Ratio 

P/P' 

y 

Observer 

15 

1365 

1 

32.4 

0.031 

Lohr 

18 

1300 

1 

22.4 

0.044 

Popoff 

19 

1300 

0.95 

22.4 

0.042 

Hansen 

24 

1000 

0.29 

2 09 

0.14 

1 

24 

1084 

0.66 

4.26 

0 15 

1 Hansen 

24 

1150 

1 18 

6.90 

0.17 1 

J 

25 

1220 

1 

11.2 

0.089 

Lohr 

34 

1110 

1 

5.13 

0.195 

Lohr 

44 

1050 

1 

3 24 

0 31 

Lohr 

45 

900 

0 24 

0 79 

0 30 

] 

45 

950 

0 44 

1.31 

0 34 

[ Hansen 

45 

1000 

0.72 

2.09 

0.34 1 


45 

1100 j 

i 

1 55 i 

1 

4 80 

0 32 ! 



percentage of zinc in the several brasses; the second and third, the cor- 
responding temperatures and partial pressures of zinc, the uncertainty 
in the temperatures being about ±20°, according to Gillett; the fourth 
shows the vapor pressure of pure zinc at each of the several tempera- 
tures, as calculated by means of the formula given earlier; and the 
fifth, the ratio y of the partial pressure of the brass to that of pure 
zinc. This ratio also represents the mole fraction of free zinc in solution, 
or the net proportion of zinc present, provided that Raoult^s law holds 
in this case. In only two of the eight brasses studied were measurements 
made at more than one temperature; but these two series show that the 
value of the ratio y, for a given brass, is unaffected, within the error of the 
experiment, by change of temperature. This circumstance enables 
us to take mean values of y and compare them with the corresponding 
gross proportion {x) of zinc present in the several brasses; as is done in 
Table §. 

6 H. W. Gillett: Brass Furnace Practice in the United States. U. S. Bureau of 
Mines Bull. 73 (1914), 126-8. Hansen's data are cited by Gillett from TranmctionSj 
American Institute of Metals (1912); the others had not been published. 
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0 10 20 30 40 50 60 70 80 90 100 

Percentage of Zinc in Brass (— 100 5?) 


Fig. 1. — The ratio of the partial pressure of zinc from brass to the vapor 

PRESSURE of pure ZINC AT THE SAME TEMPERATURE, FOR DIFFERENT PROPORTIONS 
OF ZINC IN THE BRASS. 


Table 3. — Comparison of Gross and Net Proportions of Zinc in Brasses 


Mole Fraction of Zinc * 


Gross * 

X - 

Nett 

y 

Ratio 

x/y 

0 15 

0 03 

5 0 

0 18 

0.04 

4.5 

0 19 

0 04 

4.7 

0 24 

0 15 


0 25 

0 09 

2 8 

0 34 

0 19 

1.8 

0 44 

0 31 

1 4 

0 45 

0 33 

1 4 


* The atomic weights of copper and zinc are so nearly alike that the proportion 
by weight and mole fraction are, for present purposes, identical, 
t Interpreted as such on the basis that Raoult's law holds. 


In the first place, it is evident that the values of y, with one exception, 
increase regularly as x increases. The circumstance of this exception 
to the regular order points to an error in the data, presumably in the 
stated composition of the particular brass studied by Hansen, because 
the rest of his data fall in line. Moreover when the values of x are 
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plotted against those of y, the graph is practically linear for values of 
X greater than 0.2, and, when produced, passes through the point x = y = l; 
as it should do, for the gross and net proportion of zinc are then identical. 

In the second place, y is smaller than x, though they approach each 
other and become equal at unity; in other words, of the total zinc in 
ordinary brasses, only a portion is, on this basis, present in solution as 
zinc, the remainder as a compound with copper. For example, in a 



Fig 2. Approximate partial pressure of zinc from several brasses at various 

TEMPERATURES. 

70:30 brass, half the zinc is “free,” half is present as a compound; in a 
60:40 brass, about two-thirds is “free ” and one-third as a compound with 
copper. Moreover, a calculation from the results indicates that the 
compound contains not more than one mole of copper to each mole of 
zinc. These conclusions hold, of course, only in so far as Raoult’s 
law is valid in this case. 

In the third place, the regularity of the relation between x and y 
enables us to derive, by interpolation, the value of y corresponding 
to any given brass; a^^ hence to calculate the partial vapor pressure 
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of zinc in equilibrium with that brass at any temperature. For example, 
for a 70:30 brass, y = 0,15 and hence the partial vapor pressure is 15 
per cent, of that of pure zinc at the same temperature. The results 
of such calculations for four typical brasses are brought together in 
Table 4; in connection with which it may be remarked that these results 
are no more uncertain than are the experimental data on which they are 
based, as this is merely a method of interpolation and is not dependent 
upon the validity of Raoult^s law. It will be noticed that values are 
given for temperatures at which the brass is solid; in doing this we neglect 
the slight^ change ih direction of the vapor pressure curve at the melting 
point, a circumstance which need not be taken into account until more 
exact experimental observations are available. 


Table 4. — Approximate Partial Pressure of Zinc from Several Brasses at 

Various Temperatures 


Temperature 

Centigrade 

Pure Zinc 
Vapor Pressure 
mm. 

60: 40 
y = 0.27 
mm. 

65:35 
y = 0.21 
mm. 

70 30 
y = 0.15 
mm. 

80 20 

2/ = 0 05 
mm. 

400 • 

0.06 

0.016 

0.012 

0.009 

0.003 

600 

8.5 

2.3 

1.8 

1.3 

0 4 

800 

190 

51 

40 

29 

9 5 

900 

600 

160 

125 

90 

30 

1000 

1590 

430 

330 

230 

80 

1100 

3630 

980 

760 1 

540 

180 

1200 

7400 

2000 

1550 

1100 

370 


The figures in Table 4 are not to be accepted as final, but at least they 
are of the right order of magnitude. This is corroborated by the fact 
that they are in harmony with the data on the volatilization of zinc from 
brass. ^ For example, we conclude that a 70:30 brass exhibits a partial 
pressure of about 90 mm. at 900°, which would correspond to a fairly 
rapid loss of zinc at that temperature, as Bengough and Hudson^ found; 
even at 550° the partial pressure is about .0.5 mm., and so corresponds 
to the appreciable rate of volatilization recorded by Bassett. Table 
5 gives the numerical data on which the curves shown in Fig. 2 are based. 
The curve shown in Fig. 1 is based on the numerical data given in Table 2. 

It is of interest to compare the partial pressure in equilibrium with 
the various brasses at their pouring temperatures; if we assume, with 


^ Slight, because the heat of melting is small in comparison with the heat of 
vaporization. 

* Brought together by Gillett, loc. dt, 129-32. 

® Journal, Institute of Metals (1910) 4, 101. 

10 Journal of Industrial & Engineering Chemistry (19122 4, 164. 
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Table 5. — Numerical Data on Which Curves in Fig. 2 are Based 


Temperature, Degrees Centigrade 


p, in ivim., lor. 

600 

700 

1 

750 

800 j 

900 1 

1000 

1100 

1200j 

Zinc 

8.5 

50 

100 

190 

600 

(1590) 

(3630) 

(7400) 

60 :40 {y = 0.27) 


13 

27 

51 

160 

430 



65 :35 {y = 0.21) 


10 

21 

40 

125 

330 

760 


70 :30 (y = 0.15) : 



15 

29 

90 

230 

540 


75 :25 (!/ = 0.09) 




17 

54 

1 140 

330 

670 

80 :20 (y = 0.05) 




10 

30 

80 

180 

370 


Gillett, that the latter is 150° above the melting point of the alloy, and 
calculate the pressures as above, we obtain the following figures: 

Composition of brass 60:40 65:35 70:30 80:20 

Pouring temperature, degrees 1040 1060 1090 1150 

Partial pressure, mm 590 540 500 250 

On this basis there is more danger of loss of zinc in pouring the higher 
zinc alloys, provided that other conditions are the same. Similar 
calculations can readily be made for other conditions; the above suffice 
to show the general relations. 

In all the preceding calculations of the partial pressure of zinc from 
brass, we have considered, on the basis of the somewhat uncertain 
experimental data, that for a given brass the ratio y is independent of 
the temperature. The fact of such constancy, however, implies that in a 
given brass the proportion of zinc combined is constant, which is unlikely 
to be true generally; so that it is probable that y does in fact change 
somewhat with the temperature. The variation of y could only be 
established by a more careful experimental investigation of this question; 
such a study would constitute a new mode of attack on the question 
of the constitution of brass and, if properly carried through, might well 
yield results of importance to the whole brass industry. The necessary 
experimental work would not be difficult to carry out with the needful 
accuracy. Perhaps the most essential condition to be observed, apart 
from accurate determination of the actual temperature and vapor pres- 
sure, is that the vapor space be kept small; for by this means one ensures 
that the actual amount of zinc volatihzed is very small, hence that the 
composition of the brass at the vaporizing surface remains what it is 
presumed to be. 

If such an investigation were undertaken, it would be of interest 
to ascertain if the ratio y for a given brass is dependent on the previous 

It would be advisable to measure the pressure directly; this can be achieved by 
one of the forms of glass spiral manometer (see, for instance, Preuner and Brock- 
moller, Zeitschrift fur Physicalische Chemie (1913) 81, 167. 
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history of the sample — ^for instance, whether it has been cooled very 
rapidly or comparatively slowly. For if, for a given brass, y changes, 
there must also be a change in the dissociation equilibrium between 
compound (or compounds) and components, with change of temperature. 
Now the adjustment of equilibrium to changing conditions usually re- 
quires some time, and so the actual constitution of a metal in general 
depends on : (a) the temperature at which it has been held, {h) whether 
the adjustment of the equilibrium has been complete or only partial 
during the cooling. Consequently, if the rate of adjustment is small, 
the properties of the metal will vary with the rate at which cooling takes 
place, by reason of differences in the proportion of free and combined zinc 
present in it ; and these differences will be evident as differences in partial 
pressure of zinc depending on the previous treatment to which the brass 
has been subjected. It would lead too far to pursue this matter here; 
suffice it to state that analogous cases in organic chemistry are well 
known, and that the specific heat of cast metallic sodium may differ 
by as much as 2 per cent, according as the metal has been slowly cooled 
(and therefore, annealed, and in equilibrium) or rapidly chilled. 

Before leaving this aspect of the subject, I would like to express 
the opinion that a careful investigation of the partial pressure of zinc 
in equilibrium with brass, over a range of compositions and temperatures, 
would aid in elucidating the constitution of brass, and so be of practical 
value to the whole brass industry. Such a study could be undertaken 
and supported most suitably by some form of cooperative organization 
within the industry; and this is only one out of a large number of problems, 
the solution of which would benefit the whole industry. Indeed a 
cooperative organization for research is almost a necessity to the progress 
and vitality of an industry, particularly in view of impending conditions; 
and there can be little doubt that such an organization, conceived and 
established on broad lines, would directly repay the brass industry; 
for the magnitude of its operations is so large that a very slight gain 
in efficiency of control and in reduction of waste would soon more than 
offset all the expense involved. Plans of this kind are under way in 
Great Britain, where they are being encouraged and aided financially 
by the government, in Canada, Australia, New Zealand, and South 
Africa; and there is little, if any, less need of similar organization in this 
country if its industry is to compete successfully in the future. 

Volatilization of Other Constituents 

With respect to the' volatilization of the other constituents of brass 
one cannot make very definite statements because the available data 
are somewhat uncertain and incomplete; but it has been thought desirable 

12 E. Griffiths, Proceedings, Royal Society of London (1914) A, 89, 561. 
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to include here a brief statement about each of the several metals. The 
conclusions given are to be regarded as provisional; further work will be 
necessary to establish them. 

Copper . — The vapor pressure of pure copper at 1200° is about 0.01 
mm., and its partial pressure in equilibrium with a brass at 1200° would 
be less than this. Accordingly the loss of copper by volatilization would 
be very slight, indeed negligible for all practical purposes. 

Iron . — The vapor pressure of iron is so low, and the proportion of 
it likely to be present in a brass is so small, that no appreciable quantity 
of iron wolild volatilize from a brass under any conditions likely to 
be encountered in practice. 

Lead . — In so far as the proportion of lead present in a brass is in 
excess of its solubility, lead will volatilize fairly rapidly, but when 
the solution is homogeneous, the partial pressure of the lead should be 
small. For example, the partial pressure of lead in equilibrium with a 
brass at 1100° carrying 0.3 per cent, lead would be less than 0.1 mm., 
provided that the system is then homogeneous; on this basis therefore 
it would appear that the volatilization of lead from brasses containing 
only small quantities should not be rapid. 

Cadmium . — The vapor pressure of pure cadmium is about 3.3 times 
that of pure zinc at temperatures about 1000°; therefore the partial 
pressure of cadmium in zinc containing 0.3 per cent, cadmium (equivalent 
to a mole fraction of 0.0016) is 0.0016X3.3, or of that of the zinc. 
Accordingly, since for present purposes we may assume that the number 
of moles of each metal lost by volatilization is proportional to its partial 
pressure, the ratio of cadmium to zinc lost initially would be 1 mole to 200, 
or about 1 to 100 by weight; and this ratio would diminish progressively 
owing to the relatively more rapid impoverishment of the mixture in 
cadmium than in zinc. Let us, however, assume that the ratio remains 
constant and that 100 gm. of zinc lose 5 gm. in a certain time at 1000°; 
in the same period the loss of cadmium would be ^loo or 0.05 gm. The 
total quantity originally present was 0.3 per cent, or 0.3 gm., so that there 
would remain 0.25 gm. or about 0.25 per cent, cadmium. Cadmium 
could therefore not be eliminated from zinc by distillation without very 
large losses of zinc, except by the use of a fractionating column which 
would be difficult to construct and operate. 

When spelter carrying 0.3 per cent, of cadmium is mixed with copper 
to form molten brass, the relative partial pressures are still the same 
provided: (a) that the resulting solution is homogeneous, as we have 
every reason to believe is the case, (6) that each metal combines with 

13 Turner (Journal, Institute of Metals (1912), 7 , 105) observed a slight loss of 
copper by volatilization when a brass was heated at 1200 in a vacuum. 

14 Turner (loc. cit) found that the lead in an alloy containing 7 per cent, of lead 
was distilled off at 1200° in a vacuum. 
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copper to about the same extent. On this latter point no information 
is available, but it is improbable that any difference in this respect would 
be great enough to change the order of magnitude of the relative partial 
pressures. Consequently if we assume that 5 per cent, of the zinc 
is lost by volatilization during the process of brass making, the amount of 
cadmium would be about 0.26 per cent, relative to the zinc or about 
0.08 per cent, relative to the brass. On the other hand it is established 
that the cadmium content of brass made from spelter carrying 0.3 per 
cent, cadmium is certainly less than 0.02 per cent. ; a fact which shows that 
the actual loss of cadmium in the process of brass making is about four 
times as great as that which, according to the above calculations, could 
be ascribed to direct volatilization. This, coupled with the fact that, 
when a brass is heated, the ratio of cadmium to zinc diminishes very 
slowly, indicates that the main loss of cadmium occurs during the melting 
together of the constituents of the brass; and suggests that the cadmium 
acts as a deoxiding agent and is removed from the brass as oxide. This 
of course is little more than a surmise; but the matter could readily be 
elucidated by analyses to determine whether the cadmium which disap- 
pears from the brass reappears in the flue dust,^® in the dross or elsewhere. 

Summary 

Comparison of the measurements of the partial pressure of zinc 
in equilibrium with brass, with the vapor pressure of pure zinc at the 
same temperature, enables one to calculate preliminary values of the 
partial pressure of zinc in equilibrium with any brass at any temperature; 
these values are in harmony with the data on the volatilization of zinc 
from brass. A discussion of the results points to the conclusion that 
only a portion of the zinc exists in brass as free zinc in solution, the 
remainder being present as a compound with copper. A careful and 
systematic experimental investigation of this question would be highly 
desirable as it would throw new light on the constitution of brass, and so 
be of benefit to the whole industry; such an investigation, in the writer’s 
opinion, could best be undertaken by cooperation between those pri- 
marily interested. 

Consideration of the partial pressure of the other usual constituents 


Presumably cadmium would tend to deoxidize copper at 1000-1100° more readily 
than would zinc, because cadmium oxide is more volatile than zinc oxide. It is rum- 
ored that one can materially increase the tensile strength of copper wire without serious 
prejudice to its conductivity by the addition of a small proportion (1 per cent, or less) 
of cadmium. 

Bassett, working with a spelter carrying about 0.5 per cent, cadmium found the 
ratio of cadmium to zinc in the flue dust to be about 4 per cent., whereas it would have 
been nearer 10 per cent, if all the cadmium eliminated had condensed in the flue. 
Journal of Industrial & Engineering Chemistry (1912) 4 , 164. 
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of brass indicates that under all ordinary conditions the loss by vola- 
tilization of copper or iron is negligible, that of lead or cadmium would not 
be rapid. The fact that cadmium is, for practical purposes, completely 
eliminated in the process of brass making indicates that some factor 
other than volatilization is also acting; but this is a matter which will 
require further work before definite statements as to the mode of elimina- 
tion of the cadmium can be made. 

DISCUSSION 

J. W. Richards* (South Bethlehem, Pa.). — The brass industry 
would find it very profitable to subsidize researches on the purely scien- 
tific determination of the thermophysical properties of the brasses. The 
data we need most in connection with the brasses are the vapor tension 
of the zinc from the brasses at different temperatures, the heat of combi- 
nation of zinc with copper to form different kinds of brasses, and the 
latent heat of fusion of these brasses at the melting temperature. 

It is thermodynamically possible to take the formula for the vapor 
tension of zinc and calculate from it the vapor tension of the zinc from the 
brasses, if we know the heat of combination. The work done in volatil- 
izing zinc alone is well known, the thermodynamic work of separating 
it from the copper is known for only one alloy, the 52 per cent, zinc alloy. 
It should be known for all the brasses. Then we could calculate the va- 
por tension of zinc from all the brasses in the liquid state as exactly 
as we know the vapor tension of zinc. If we know the latent heat of fu- 
sion of the brasses at the melting point, since the vapor tension of zinc 
from the solid brass at the melting point is the same as that from liquid 
brass, we can use that data for transforming the equation so as to 
give us the equation for the vapor tension of zinc from the solid brass, 
with mathematical certainty; also, we could in this way get the vapor 
tension of the zinc from the solid brasses down as low as we want to 
evaluate the formula — even to the ordinary temperature, as a matter of 
scientific curiosity. 


Professor of Metallurgy, Lehigh University. 
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A Comparison of Grain-size Measurements and Brinell Hardness of 

Cartridge Brass 

BY W. H. BASSETT* AND C. H. DAVIS, f WATEKBURY, CONN. 

(New York Meeting, February, 1919) 

In the commercial annealing of cartridge brass there are four points 
regarding which definite data are essential. They have to do with the 
correct interpretation of grain count in its relation to annealing tempera- 
ture and, incidentally, to Brinell hardness. These points are: 

1. The comparison of the grain sizes of two cartridge-brass mixtures: 
69 copper, 31 zinc, 0.376-in. (9.5-mm.) gage; and 68 copper, 32 zinc, 
0.130-in. (3.3-mm.) gage. 

2. The comparison of the grain sizes of annealed metal that had pre- 
viously been reduced by rolling varying amounts; for instance, 20.0, 
36.6, 50.9, and 59.1 per cent. 

3. The determination of standards for grain sizes on annealed brass 
of the composition 68 per cent, copper, 32 per cent, zinc and 69 copper, 31 
zinc. 

4. The comparison of grain size with Brinell hardness on identical 
samples of annealed metal. 

In their comprehensive and thorough investigation of the recrystal- 
lization of cold- worked alpha brass on annealing,^ Mathewson and Phil- 
lips have discussed the relations between temperature of anneal, degree 
of deformation, and structural alteration in alpha brass. They have also 
shown certain comparisons between the ordinary physical properties and 
the grain size of annealed brass. The purpose of the present investiga- 
tion is mainly concerned with the grain size of cartridge brass, its relation 
to Brinell hardness, and the publication of sufficient data to enable those 
engaged in the inspection of such material to have a correct foundation 
upon which to work. 

The first alloy was taken from regular mill stock that had been rolled 
from 0.580 in. to 0.376 in. (14.7 mm. to 9.5 mm.) gage, a reduction of 35.1 
per cent. This bar (No. 1) had the following composition: Copper, 69.20 
per cent.; zinc, 30.76 per cent.; lead, 0.02 per cent.; iron, 0.02 per cent. 

The second alloy was also taken from mill stock of 0.325 in. (8.25 mm.) 
gage and was roHed as shown in Table 1, in order to get four bars reduced 
two, four, six, and eight B. & S. numbers respectively. This second alloy 


American Brass Co. 


t American Brass Co. ^ Trans. (1916) 64, 608-657. 
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had the composition: Copper, 68.48 per cent.; zinc, 31.47 per cent.; 
lead, 0.02 per cent. ; iron, 0.03 per cent. 


Table 1. — Results Obtained by Rolling Bars 


Bar No. 

Annealed Bar 
Selected from 
Stock, Inch 

Rolled to, Inch 

Annealed on, 
Inch 

j j 

Rolled to. Inch 

Reduction by 
Rolling, 

Per Cent. 

2 

0 325 


0 325 

0.133 

59.1 

3 

0.325 

0.273 

0.273 

0.134 

50.9 

4 

0.325 

0.213 

0.213 

0.135 

36.6 

5 

0.325 

0 168 

0.168 

0.134 

20.2 


Specimens, 1 by 3 in. (25.4 by 76.2 mm.), from each of these five 
bars were annealed for 3^^ hr. at 50° C. intervals, from 200° C. to 850° 
C. From 275° C. to 425° C., additional samples were annealed at 25° C. 
intervals. The specimens were tightly wrapped together in sheet copper 
and were quenched with their covering as quickly as possible at the end 
of 3"^ hr. at the required temperature. A new Bristol indicator and re- 
corder with base-metal couple was used, the latter being wrapped with the 
specimens. The couple was checked and calibrated before and after 
annealing by the boiling point of sulfur and the melting point of sodium 
chloride. 

The Brinell hardness tests were made with an Aktiebolaget alpha 
machine. A load of 500 kg. and the standard 10-mm. diameter ball were 
used and the pressure maintained for 30 sec. The pressure exerted by 
this machine was checked by weighing on a standard scale. The surfaces 
of both hard and annealed specimens were scoured with emery cloth and 
polished with fine emery before testing. Two impressions were taken, 
one in the center of the specimen and the other halfway toward the end. 
Readings of these were made upon an 80 mm. Gaertner comparator, 
accurate to 0.001 mm. One reading was taken in the direction of the 
original rolling, the other at right angles to that direction for each im- 
pression, and the four results averaged. Little or no discrepancy was 
found in these results, except in the case of the hard-rolled specimens 
where the impression was oblong, the longer diameter coinciding in direc- 
tion with the direction of rolling. In the harder samples this difference 
in diameter was equivalent to as much as 10 Brinell points. 

The grain size was counted on a section taken parallel to the surface 
between the two Brinell impressions. On the specimens annealed below 
700° C. the magnification used was 150 diameters; at 700° C., 75 diam- 
eters; and from 750° C. to 850° C., 50 diameters. The method of counting 
used is recommended by the American Society for Testing Materials. ^ 

2 Tentative Definitions and Rules Governing the Preparation of Micrographs of 
Metals and Alloys. Proceedings, American Society for Testing Materials (1917) 17 , 
Pt. 1, 838. 
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It is also described by Zay Jeffries and others.^ A circle 79.8 mm. in 
diameter was used in counting and the diameter of the average grain in 
millimeters was determined. The following formulas, proposed by Prof. 
Jeffries, were used: 

w = boundary grains; 
z = completely included grains; 

X = equivalent number of whole grains in 5000 sq. mm. (circle 79.8 
mm. diameter or rectangle having area of 5000 sq. mm.) ; 
m = magnification used; 

f = multiplier to obtain grains per square millimeter; 
n = number of grains per square millimeter; 
d = diameter of average grain in millimeters; 
a = area of average grain in U^. 

X =y2w + ^ / = ^00 ^ 

, 1 1 , 000,000 

a = —y= d = 

Tables 2, 3, and 4 give a r4sum4 of the results obtained. 

Table 2 . — Brinell Hardness and Grain Size on 69-31 Brass 

(See Fig. 2) 

Bar No. 1. Rolled from 0.580 in. to 0.376 in. (14.7 mm. to 9.5 mm.). 
Reduction by rolling 35.1 per cent. (4 — B. & S. numbers. Hard) 


Anneal. 
Temp., 
Degrees C. 


Av. Brinell 
Number from 
Two Imp. and 
Four Headings 


0.448 

0.3 

fO 198 
\0.196 
0.110 
f 0.0587 
1 0.0667 
\ 0.0464 
1 0.0418 
/ 0.0381 
\ 0.0313 
0.0222 
0.024 
0.0190 
0.020 


Uniformly annealed. 


Ninety-five per cent, new grains. 


Few new grains. 
No new grains. 
No new grains. 
No new grains. 


3 Trans. (1916) 64 , 594-607. 
ina (Feb. 16, 1918) 8, 185. 


Elaborated in Metallurgical and Chemical Engineer- 
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Table 3 . — Brinell Hardness and Grain Size on 68-32 Brass 
(See Figs. 1 and 3) 

Bar No. 2 (Mark #). Reduction by rolling 20.2 per cent. 
(2— B. & S. numbers) 


Anneal. 
Temp., 
Degrees C. 

X 

Mag. 

Dia. 

/ 

n 

■y/ n 

d 

1 

Av. Brinell 
Number from 
Two Imp. and 
Four Readings 

850 

15 0 

50 

0.5 

7.5 

2.74 

0.365 

41 7 

800 

32.5 

50 

0.5 

16.25 

4.03 

0.247 

43.6 

750 

57.5 

50 

0.5 

28.75 

5.36 

0.186 

45.7 

700 

71.0 

75 

1 1.125 

79.875 

8.93 

0.112 

49.0 

650 

42 5 

150 

4.5 

191.25 

13.82 

0.072 

52 0 

600 

62.0 

150 

4.5 

279.0 

16.70 

0.059 + 

56.1 

550 

87.0 

150 

4 5 

391 5 

19.7 

0.0507 

58.2 

500 

1 110.0 + 

150 

4 5 

495.0 

22 2 

0.045 

60.5 

450 

118.5 

150 

4 5 

533.25 

23 09 

0.043 

65.5 

425 







69.1 

400 

( 

One>fourti 

1 area consists of new 

' grains. 


89.7 

375 



Few new grains. 



94.1 

350 



No new grains. 



101.0 

325 



No new grains. 



100.0 

300 



No new grains. 



103.0 

275 







104.0 

250 







106.0 

200 

I 





i 

109.0 

Hard.... 







110.0 


Bar No. 3 (Mark +). Reduction by rolling 36.6 per cent. 


(4— B. & S. numbers) 


850 

17.0 

50 

0.5 

8.5 

2.91 

0.344 

41.1 

800 

44 0 

50 

0.5 

22.0 

4.69 

0 213 

43.1 

750 

71 5 

50 

0.5 

35.75 

5.97 

0.167 

45.9 

700 

52.0 

75 

1.125 

58.50 

7 65 

0.131 

48.9 

650 

34.5 

150 

4.5 

155.25 

12.46 

0.080 

51 5 

600 

83.0 

150 

4.5 

373.5 

19.30 

0.0518 

55.4 

550 

142.5 

150 

4.5 

641.25 

25.32 

0.0395 

61.3 

500 

196.0 

150 

4.5 

882.0 

29.70 

0.034 

66.4 

450 

198.0 

150 

4.5 

891.0 

29.85 

0.0336 

70.5 

425 







71.2 

400 


Con 

ipletely re 

jcrystallizec 

1 . 


74.6 

375 







88.8 

350 


One-third area consists of new grains. 


100.0 

325 


Some new grains. 



106.0 

300 



No new grains. 



137.0 

275 



No new grains. 



140.0 

250 



No new grains. 



143.0 

200 



No new grains. 



148.0 








147.0 ] 

Hard 







136.0 
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Table 4 . — Brinell Hardness and Grain Size on 68-32 Brass 
(See Figs. 1 and 3) 

Bar No. 4 (Mark X). Reduction by rolling 50.9 per cent. 
(6 + B. & S. numbers) 


Anneal. 
Temp., 
Degrees C 

X 

Mag. 

Dia. 


n 

\/ n 

d 

Av. Brinell 
Number from 
Two Imp and 
Four Readings 

850 

18 5 

50 

0.5 

9.26 

3.04 

0 329 

42 0 

800 

38.0 

50 

0.5 

19.0 

4.35 

0.230 

43 1 

750 

67.5 

50 

0.5 

33.75 

5.80 

0.172 

46 4 

700 

68.0 

75 

1.125 

76.50 

8.75 

0.114 

49 7 

650 

38.0 

150 

4.5 

171.0 

13.07 

0.076 

52.1 

600 

84.0 

150 

4 5 

378.0 

19.43 

0 0515 

56 8 

550 

165.5 

150 

4.5 

744.75 

27.28 

0 0366 

62 0 

500 

177.0 

150 

4 5 

796.5 

28 20 

0 0355 

69 1 

450 

446.0 + 

150 

4 5 

2007.0 

44.8 

0.022 

74.1 

425 







i 76.5 

400 


Co 

mpletely i 

recrystallize 

id. 


i 79 6 

375 







86 4 

350 


Few remnants of former crystals. 


i 91 2 

325 







93 3 

300 


One-fourth area consists of new grains. 

1 130 0 

275 



Few new grains. 


* 

155.0 

250 



No new grains. 



1 166.0 

200 



No new grains. 



169 0 

Hard... . 















153.0 J 


Bar No. 5 (Mark O). Reduction by rolling 59.1 per cent. 
(8 — B. & S. numbers) 


850 

16.0 

50 

0.5 

8.0 

2.83 

0.353 

41.7 

800 

36.5 

50 

0.5 

18.25 

4.27 

0.234 

44 1 

750 

77.0 

50 

0.5 

38.5 

6 50 

0.161 

46 4 

700 

66.0 

75 

1.125 

74.25 

8.62 

0.116 

49.2 

650 

38.5 

150 

4.5 

173.25 

13.17 

0.076 

52.4 

600 

78.0 

150 

4.5 

351.0 

18.73 

0.0534 

57.2 

550 

175.5 

150 

4.5 

789 75 

28.1 

0.0356 

62 0 

500 

314 5 

150 

4.5 

1415.25 

37.5 

0.0266 

69.1 

450 

400.0 

150 

4.5 

1800.0 

42.4 

0.0236 

77 4 

425 







79.0 

400 


C 

Jompletely 

' recrystalli 

zed 


83.8 

375 







88.6 

350 


Completely recrystallized. 


91.9 

325 







93.3 

300 


One-half to six-tenths new 

grains. 


124.0 

275 


- 

Few new grains 



154.0 

250 



No new grains. 



171.0 

200 







172.0 

Hard. . . . 







168 + 163 








158.0 J 
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Fig. 1. — Direct comparison of Brinele and grain-size measurements on 
0.130-in, gage cartridge brass. Annealed hr. at temperatures noted. 
Specimens were previously reduced by rolling as indicated. 



Fig. 2. — Direct comparison of Brinell and grain-size measurements 
on 0.376-in. gage cartridge brass. Annealed hr. at temperatures noted. 
Specimens were previously reduced 35.1 per cent, by rolling. 

VOL. LX. — 28 . 
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The micrographs taken to illustrate this paper are magnified 75 
diameters but the grain counts were made on micrographs taken in the 
same area but magnified 50, 75, or 150 diameters. Accompanying this 
report are three plots. The first, Fig. 1, shows the relation of Brinell 
hardness to annealing temperature and the relation of grain size to 
annealing temperature for the 68-32 alloy; the second, Fig. 2, shows the 
same relations for the 69-31 alloy, the third, Fig. 3, shows the relation 
of Brinell hardness to grain size for a given alloy of copper and zinc. 
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Fig. 3. — Brinell hardness indicates grain size for any given brass in 

THE ALPHA PHASE. At LOW TEMPERATURES THE GRAIN SIZE IS INFLUENCED 
BY THE GRAIN SIZE OF THE PREVIOUS ANNEAL, 650° C. IN THIS CASE. PLOTTED 
FROM THE DATA USED FOR FlG. 1. 

The Brinell method is a very accurate way of determining the hardness 
of sheet brass. The hardness of rolled metal is relatively proportionate 
to the percentage reduction by rolling.^ The hardness of annealed 
metal is relatively proportionate to the temperature of annealing^ 
(for any fixed period of time). The Brinell hardness of annealed metal 
is proportionate to the annealing temperature, but this proportion varies 
on account of two factors; namely, the amount of the last rolling the 
metal received, and the grain size that existed at the time of that rolling. 
Figs. 1 and 4 to 13 illustrate these points in the case of the 0.130-in. 
(3.3-mm,) gage cartridge brass and show: that in annealing hard- 

^ C. H. Davis: Testing of Sheet Brass. Proceedings, American Society for Testing 
Materials (1917) 17 , Pt. 2, 166. 

* C. H. Davis: O'p dtj Fig. 8 and Fig. 3. 
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20.2 PER CENT. REDUCTION 


36.6 PER CENT. REDUCTION 



Brin. 110 


As ROLLED 



■ 






300° C. ANNEAL 


Brin 103 


Brin. 100 325° C. anneal Brin. 106 

4, — ^Etched with ammonia and hydrogen peroxide. X 75. 
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50.9 PEK CENT. REDUCTION 


59.1 PER CENT REDUCTION 


Brin. 156 


As ROLLED 


Brin. 163 



Brin. 130 300® C. anneal Brin. 124 



Brin. 93.3 325® C. anneal Brin. 93.3 

Fig. 5. — Etched with ammonia and hydrogen peroxide. X 75. 
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20.2 PER CENT. REDUCTION 


36.6 PER CENT. REDUCTION 



Brin. 101 


350° C. ANNEAL 


Brin. 100 



Brin. 94.1 375° C. anneal Brin. 88.8 



Brin. 89.7 400° C. anneal Brin. 74.6 

Fig. 6. — Etched with ammonia and hydrogen peroxide. X 75. 
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50.9 PER CENT. REDUCTION 


59.1 PER CENT. REDUCTION 



Brin. 91.2 


350° C. ANNEAL 


Brin. 91.9 



Brin. 79.6 400° C. anneal Brin. 83.8 

Fig. 7. — ^Etched with ammonia and hydrogen peroxide. X 75. 
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20.2 PER CENT. REDUCTION 


36.6 PER CENT. REDUCTION 
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Brin. 65.5, d = 0.043 mm. 450° C. anneal Brin. 70.5, d =0.0336 mm. 



Brin. 60.5, d = 0.045 mm 500° C. anneal Brin. 66.4, rf = 0.034 mm. 



Brin. 58.2, d = 0.0507 mm. 550° C. anneal Brin. 61.3 d = 0.0395 mm. 

Fig. 8. — Etched with ammonia and hydrogen peroxide. X 75. 
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50.9 PER CENT. REDUCTION 59.1 PER CENT. REDUCTION 



Brin. 74.1, d = 0.022 mm. 450° C. anneal Brin. 77.4, d = 0.0236 mm. 



Brin. 69.1, (i = 0.0355 mm, 500° C. anneal Brin. 69.1, d - 0.0266 mm. 



Brin. 62.0, d ~ 0.0366 mm. 550° C. anneal Brin. 62.0, d = 0.0356 mm. 

Fig. 9. — Etched with ammonia and hydrogen peroxide. X 75. 
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20.2 PER CENT. REDUCTION 


36.6 PER CENT. REDUCTION 




Brin. 52.0, c?= 0.072 mm. 650° C. anneal Brin. 51,5, d = 0.080 mm. 



Brin. 49.0, d= 0.112 mm. 700° C. anneal Brin. 48.9, d= 0.131 mm. 

Fig. 10. — Etched with ammonia and hydrogen peroxide. X 75. 
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50.9 PER CENT. REDUCTION 59-1 PER CENT. REDUCTION 



Brin. 56.8, d — 0.0515 mm. 600° C. anneal Brin. 57.2, 0.0534 mm. 



Brin. 49.7, = 0.114 mm, 700° C. anneal Brin. 49.2, d = 0.110 mm. 

Fig. 11. — ^Etched with ammonia and hydrogen peroxide. X 75. 
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20.2 PER CENT. REDUCTION 


36.6 PER CENT. REDUCTION 


Brin. 41.7, d= 0.365 mm. 850° C. anneal Brin. 41.1, 0.344 mm. 

Fig. 12. — Etched with ammonia and hydrogen peroxide. X 75. 


Brin. 45.7, d = 0.186 mm. 750° C. anneal Brin. 45.9, d = 0.167 mm. 


Brin 43.1, d = 0.213 mm. 


Brin. 43.6, d = 0.247 mm. 


800° C. anneal 
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50.9 PER CENT. REDUCTION 59.1 PER CENT. REDUCTION 



Brin. 43.1, d =^ 0.230 mm. SOO*’ C. anneal Brin. 44.1, d — 0.234 mm. 



Brin. 42.0, 0.329 mm. 850° C. anneal Brin. 41.7, d - 0.353 mm. 

Fig. 13. — Etched with ammonia and hydrogen peroxide. X 75. 
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Bbin. 143—300'* C. BEIN..102— 325° C. 

Fig. 14. — Etched with ammonia and hydrogen peroxide. X 75. 
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Bein. 102—350° C. 


Brin. 88.3—375° C. 


Brin. 82.6—400° C. 


450° C. 

Brin. 75, d = 0.020 mm. 


500° C. 550° C. 

Brin. 70.4. d — 0.023 mm. Brin. 65.9, d = 0.033 mm. 

Fig. 15. — Etched with ammonia and hydrogen peroxide. X 75. 




W. H. BASSETT AND C. H. DAVIS 


00° C. 850° C. 

, d = 0.300 MM. Brin. 41.3, d = 0.448 mm. 

•Etched with ammonia and hydrogen peroxide. X 75. 
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rolled metal the drop in Brinell hardness indicates softening of the metal 
just before the new grains are seen; that the softening of lightly rolled 
metal progresses considerably before any new crystals can be detected; 
that the Brinell hardness of all specimens agrees closely from 600° C. 
to 850° C. As the previous anneal of the original hard specimens was 
about 650° C., the conclusion is drawn, and borne out by experience, that 
both the Brinell hardness and the grain size of annealed metal are greatly 
affected by the grain size due to the anneal previous to the anneal under 
discussion; and, as the grain size of the previous anneal diminishes, the 
Brinell hardness curves and the grain-size curves will approach those 
of metal annealed after very hard rolling as a limit; i.e.^ in Fig. 1, the 
curve marked 59.1 per cent, reduction is this limit for the curves that 
represent more lightly rolled material. Figs. 14 to 16 illustrate the grain- 
size of 0.376-in. gage cartridge brass containing 69.20 per cent, copper, 
30.76 per cent, zinc, 0.02 per cent, lead, and 0.02 per cent. iron. All 
specimens were reduced 35.1 per cent, before annealing. 

For the direct comparison of the Brinell hardness with the diameter 
of the average grain in milhmeters, a third plot (Fig. 3) has been added 
for the 0.130-in. (3.3-mm.) gage brass. This plot emphasizes two points 
brought out in the foregoing paragraph: (1) At low temperatures the 
grain size is influenced by the grain size of the previous anneal (0.060 mm. 
± in this case); and (2) from this grain size (0.060 mm.) upward, the 
Brinell hardness plotted against grain size gives a single curve no matter 
what the previous treatment of the metal has been. Consequently 
it may be repeated that in well-annealed brass of any given® alloy the 
Brinell hardness indicates grain size. 

On account of the thickness of this particular brass as commercially 
used, the specimens were taken from a single bar as rolled in mill practice 
with a 35.1 per cent, reduction. In Fig. 2, the Brinell hardness and the 
grain size are plotted against annealing temperature so that they may be 
directly compared. The curves follow closely those of the 68 copper, 
32 zinc alloy for the same percentage reduction and previous heat 
treatment. 


Conclusion 

1. The grain sizes of the annealed alloys 68 copper, 32 zinc and 69 
copper, 31 zinc agree closely when the previous heat treatment and 
reduction by rolling are made to correspond. The difference in thickness 
— 0.374-in. (9.4-mm.) gage and 0.130-in. (3.3-mm.) gage — does not appreci- 
ably affect the grain size or the Brinell hardness. 


*The grain size and the Brinell hardness change progressively with the per- 
centage of copper in brasses. The relation between the two, however, remains a 
constant for each brass mixture in the alpha phase. 
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2. The grain sizes of brasses annealed at low temperatures are greatly 
affected by the grain size and the reduction by rolling, previous to such 
annealing. 

3. The grain size and Brinell data for the several conditions described, 
when plotted against temperature, give curves that approach the curve 
of metal annealed after hard rolling as a limit. It is desirable to select 
for standard of grain size (as determined by the temperature of annealing) 
those specimens that have been previously reduced by rolling at least 
50 per cent. 

4. In the case of cartridge brass of the composition 68 copper, 32 
zinc, Brinell hardness indicates grain size. At low annealing tempera- 
tures the grain size is influenced by the grain size of the previous anneal. 
The finer the grain size of the previous anneal, the more closely will the 
curve, Brinell Hardness — Grain Size, approach the standard curve. 

5. Since grain size is influenced by the grain size in the previous anneal 
and also by the amount of reduction by rolling previous to annealing, 
the hardness of cartridge brass may be determined with greater accuracy 
by the Brinell-hardness measurement than by attempting to judge it 
from the grain size. 

DISCUSSION 

Arthur Phillips,* Bridgeport, Conn, (written discussionf). — 
It is to be regretted that the very valuable paper by Messrs. Bassett 
and Davis did not appera in the early war period. The data presented 
would have been of inestimable service to inspectors of cartridge brass 
who, admittedly, had little or no knowledge regarding the relation of 
grain size to temperature of anneal, and no real appreciation of the 
significance of the Brinell hardness test. The paper is of considerable 
interest to metallurgists also. 

Walter R. Hibbard, J Bridgeport, Conn, (written discussion §) — 
The writer has carefully studied Messrs. Bassett and Davises paper with 
considerable interest, inasmuch as our laboratory has tested cartridge 
brass by means of a Brinell machine. In March, 1917, at the suggestion 
of the Technical Department of the American Brass Co., we started a 
comparison of grain-size measurements and Brinell hardness of cartridge 
brass with a gage of 0.1 in. or greater. * This was continued until March, 
1918, when we adopted the Brinell hardness test as standard for brass 
0.1 in. gage or greater, and discontinued grain-size measurements upon 
this metal. The data collected during the test showed that the Brinell 
hardness indicated more accurately how the metal acted in actual work- 
ing operations. It was also more reliable because two manipulators 
check themselves closer by the Brinell test than by the grain-size measure- 

* Metallurgical Department, Bridgeport Bra^ Co. t Received Jan. 18, 1919. 

t The Remington Arms Union Metallic Cartridge Co. § Received Jan. 30, 1919. 

VOL. LX. — 29 . 
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ments. It also consumed less time in making the tests. Alfred V. 
de Forest, formerly assistant research engineer of our laboratories, has 
described the apparatus and some of the checking results in a paper read 
June, 1918, before the American Society for Testing Materials.^ The 
writer hopes that a more satisfactory method for testing cartridge brass 
and gilding in gages thinner than 0.1 in. may be devised than the present 
method of grain-size measurements. 

T. C. Merriman, New Haven, Conn, (written discussion*). — This 
most interesting paper gives much carefully obtained and valuable data. 
However, there are two points in connection with the commercial appli- 
cation of such data that might possibly be a source of trouble and mis- 
understanding. In the first place, the examination of thin sections of 
annealed brass, subjected to standard Brinell test (500 kg. on a 10-mm. 
diameter ball) at thicknesses from 0.075 to 0.150 in. (1.9 to 3.8 mm.) 
indicates that cold work has been performed on the specimen during the 
application of the load sufficient to extend way through the section and 
have the hardness of the metal affected by the backing. If the usual 
steel support is used, this effect is very evident. If a piece of soft brass 
is used as a support, there is an indentation in the surface of the support 
accompanied by a bulge on the under side of the tested specimen opposite 
the impression made by the 10-mm. ball. The result is that Brinell 
specifications (governmental or otherwise) on stock for a certain purpose 
may not be fair in all cases, since manufacturers, owing to differences in 
equipment, etc., may not all use precisely the thickness and conditions 
of stock on which the Brinell specifications were based. This would 
mean that the government Brinell specification might not give them the 
temper of stock best suited for their manufacturing methods. 

The concluding paragraph of this paper, stating that ^Hhe hardness of 
cartridge brass may be determined with greater accuracy by the Brinell 
hardness measurement than by attempting to judge it from the grain 
size^^ appears to be in line with the movement of the last year or so 
among brass manufacturers toward substitution of the Brinell test for 
microscopic examination as an acceptance test on cartridge brass. The 
statement may be strictly true that the Brinell test is the best test for 
hardness, but it is not, as the statement might readily be construed, a 
sufficient test of suitable condition. For instance, some cartridge brass 
might accidentally have been overheated to a point where it would be 
distinctly unsafe to use for the manufacture of small arms cases and 
then be so rolled (reduction 3 to 5 per cent.) as to pass perfectly proper 
Brinell specifications. Under such conditions the microscope would 
reveal its unsuitability where the Brinell test had failed so to do. 

^ Proceedings, American Society for Testing Materials (1918) 18, Pt. 2, 449. 

* Received Feb. 24, 1919. 
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It is not intended to object to the Brinell test as a general test for the 
temper of cartridge brass, for I am in full agreement with the authors as 
to the usefulness and suitability of the Brinell test under many conditions, 
and I am sanguine that the development of the Baby BrinelF’ will elimi'- 
nate the likelihood of difficulty from the first point I have mentioned. 
However, Brinell specifications for cartridge brass are as yet given for 
500-kg. load — 10-mm. ball, and I firmly believe that even after the baby 
Brinell comes into fairly general use the Brinell test must be supplemented 
by frequent microscopic examinations and that microscopic inspec- 
tion requirements should be retained as a vital part of cartridge-brass 
specifications. 

C. H. Mathewson, New Haven, Conn, (written discussion*). — Recent 
papers from Mr. Bassett’s laboratory constitute a very welcome addition 
to the rather meager amount of scientific literature dealing with structure 
and properties, or in other words, the metallography of brass. They seem 
to have been developed mainly from the standpoint of supplying reliable 
and useful data that may be expected to further the intelligent handling 
of brass products. The collected data shown in the tables, when exhib- 
ited in graphic form, present several features of general interest and 
significance. There is a striking difference in the early parts of the several 
annealing curves shown in Fig. 1. While the heavily worked samples 
harden quite materially before they begin to soften, the lightly worked 
samples soften without any prior hardening. 

The fact that hardening sometimes occurs after treatment at low tem- 
peratures before a true annealing effect begins has been known for some 
time, but, so far as I am aware, the supplementary information brought out 
by these curves is quite new. This early hardening has been attributed 
to a redistribution or relief of internal strain, but Howe considers this 
explanation hardly competent to account for similar effects of much 
greater intensity which occur in steel. Jeffries, however, in his discus- 
sion of the amorphous theory anticipates a condition of internal stress 
incident to the formation of amorphous metal, ^ which may be gradually 
relieved at ordinary temperature or more rapidly relieved at somewhat 
elevated temperatures. This explanation is quite in harmony with the 
observation that the more severe the initial deformation, the more pro^ 
nounced the hardening in question. 

We might even find a relation between season-cracking, an effect 
of internal strain, and this imique hardening. Thus, it is conceivable 
that metal which has not been worked severely enough to show an appre- 
ciable hardening when heated to about 200° C. will be stable imder all 
conditions, while metal that hardens imder this treatment will be subject 
to season cracking. This point appears to be worth some investigation. 


♦Received Feb. 17, 1919. 
2 This volume, p. 474. 
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It is noticeable that each curve of Fig. 1 intersects the curve lying 
below it in two localities before they merge into one common curve. The 
first intersection is due to a progressive lowering of the recrystalhzation 
temperature as the degree of deformation decreases and a reasonable 
explanation of these conditions has been given in the first paper cited by 
the authors. The second intersection indicates that when the more 
severely worked metal has nearly completed its recrystalhzation, and the 
less severely worked metal has recrystalhzed to a considerably lesser 
extent, both possess the same hardness. This would naturally occur 
at some characteristic temperature and the measured grain sizes would not 
be the same because there would be a greater number of grain areas com- 
posed of invisible fragments in the case of the less severely deformed 
material. These measurements would be greatly influenced by the grain 
size that existed prior to deformation and the authors have alluded to 
the bearing of this factor on the results. 

It is quite probable that the less severely deformed material may 
develop abnormal grains, at favorable temperatures, by selective growth 
and this may account for the widening of the loops made by the last 
intersections of the curves of Fig. 1 as the degree of deformation decreases. 

In the discussion of Dr. Jeffries^ paper, I have referred to the relation- 
ship between Brinell hardness and grain size indicated by Fig. 3. of the 
paper by Messrs. Bassett and Davis. Using the equation : 

Brinell hardness — K 

V diam. of average grain in mm. 

and placing the constant equal to 30 the following set of figures is ob- 
tained. These plot rather close to the curve shown in Fig. 3. 


Brinell Hardness 

j Diameter of Average Grain, in Mm. 

43 

0.2401 

50 

0.1296 

60 

0.0625 

75 

0.0256 

100 

0.0081 

150 

0.0016 


It is interesting to observe that beyond a hardness value of approxi- 
mately 75, at which point grain-size measurements became impracticable, 
the authors carry dotted extensions of the curves up to the hmiting 
hardness value of the cold-rolled metal, 160. In other words, they repre- 
sent a continued decrease in grain size down to a minimum of zero size 
at the maximum hardness value. 

Any attempt to count in this range would show a reversal of grain 
size with hardness and the grain size corresponding to maximum hardness 
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Fig. 1. Fig. 2. 

|Fig. 1. — Sheet brass rolled 4 numbers and annealed hr. 350° C. 
Fig. 2. — Sheet brass rolled 7 numbers and annealed H hr. 350° C. 
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Fig. 3. Fig. 4. 

Fig 3. — High side of eccentric shell which failed in mercury test 

800° F. (427° C.) 

Fig. 4. — ^Low side of eccentric shell which failed in mercury test 

800° F. (427° C.) 
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Fig. 5. Fig. 6. 

Fig. 5. — High side of scratched eccentric shell. 1 J?'? 

Fig. 6. — Low side of scratched eccentric shell. 1 min, oUU t. (4^/ v/.; 

NH 4 OH + HtOa X 75. 
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Fig. 7. Fig. 8. 

Fig. 7. — High side of scratched eccentric shell. 1 min. 850° F. (454° C.) 
Fig. 8. — ^Low side of scratched eccentric shell. 1 min. 850° F. (454° C.) 



Fig. 9. 


Fig. 10. 


Fig. 9. — High side of scratched eccentric shell. 1 min. 900° F. (482° C.) 
Fig. 10. — ^Low side op scratched eccentric shell. 1 min. 900° F. (482° C.) 



Fig. 11. Fig. 12. 

Fig. 11. — Half shell 1 min, 800° F. (427° C.) 
Fig. 12. — Half shell 1 min. 900° F* (482° C.) 
NH 4 OH + H,02 X 75. 
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would be the cold- worked equivalent of the original grain. The theo- 
retical curve passes through decreasing values of grain size in this region 
down to a minimum of about 0.001 mm. at the maximum Jhardness value 
of about 160. This represents what I conceive to be the order of size of 
the indistinguishable crystalline grain fragments present in severely 
worked brass and I look upon the process of hardening by cold working 
as essentially a process of fragmentation with a building up of amorphous 
or subcrystalline boundaries. 

W. B. Price,* Waterbury, Conn, (written discussion f). — The prac- 
tical application of Brinell hardness measurements in controlling the 
annealing of cartridge brass is of very great importance. While it is 
realized that the paper under discussion is supposed to deal only with the 
relation between grain size and Brinell hardness, it would have been inter- 
esting if other physical properties could have been added. In connec- 
tion with the anneal shown at 350° C. with different reductions, analogous 
annealing experiments were carried out in this laboratory in 1914, with 
common high brass (copper, 64.13 per cent.; lead, 0.21 per cent.; iron, 
0.04 per cent.; zinc, 35.62 per cent.) reduced four and seven numbers hard 
(Brown & Sharpe gage). These results are illustrated by Figs. 1 and 2. 

It may be of interest to state in connection with the author^s con- 
clusions, ^Hhe grain size of brasses annealed at low temperatures are 
greatly affected by the grain size and the reduction by rolling previous 
to such annealing,’^ an experience with low-temperature anneals on the 
mouth annealing of brass artillery cases. Occasionally a little trouble 
was experienced with a shell cracking on the mouth in the mercuric chloride 
test, and upon investigation it was found that failure usually took place 
upon the thin side of an eccentric shell. The photomicrographs of a 
shell that failed are shown in Figs. 3 and 4. The mouth anneal of 1 min. 
at 800° F. (427° C.) has caused a partial recrystallization on the thick, 
or more heavily worked, section, while there is veiy little evidence 
of re crystallization on the thin, or little worked, section. By raising 
the temperature of the anneal high enough, recrystallization was effected 
regardless of variation in amount of reduction on the mouth. 

Another practical illustration of the important relationship between 
degree of cold working and temperature of recr 5 ^stallization was noticed 
in a case that had been rather deeply scratched by an imperfect die 
previous to the mouth anneal. Examination under the microscope, after 
the annealing treatment, showed that recrystallization had taken place 
on the scratch but had not appeared on other parts of the case. Some 
cases were then purposely scratched and annealed for 1 min. at 800°, 
850° and 900° F. (427°, 454° and 482° C.) (see Figs. 5 to 10). Recrystal- 
lization of the specimen was hardly effected at 850° F. (454° C.) ; incipient 


ScoviU Mfg. Co. 


t Received Feb. 17, 1919. 
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recrystallization has taken place both on the scratch and on some of the 
boundaries of the large deformed crystals. At 900° F. {482° C.) , recrystal- 
lization has replaced the large originally deformed crystals with a much 
finer structure. The crystals on the scratch are much smaller than those 
on the unaltered section. 

The relation of crystal size to tensile strength and per cent, of elongation 
is illustrated by the following experiment: A concentric shell was cut in 
two longitudinally; one half was annealed for 1 min. at 800° F. (427° C.) 
and the other half was annealed for 1 min. at 900° F. (482° C.) . These are 
illustrated in Figs. 11 and 12. The 800° F. (427° C.) case when tested bad 
a tensile strength of 57,385 lb. per sq. in. (4034 kg. per sq. cm.) and an 
elongation in 2 in. of 35.3 per cent., whereas the 900° F. (482° C.) case 
had a tensile strength of 51,567 lb. (3620 kg.) and an elongation of 
52.2 per cent. 

On pages 434 and 448, the authors state that in annealing hard rolled 
metal the drop in Brinell hardness indicates softening of the metal just 
before the new grains are seen. Upon examination of Fig. 1, page 433, 
however, showing graphically the relation between the Brinell hardness 
values and the annealing temperatures, it will be noted that the hardness 
curve rises perceptibly from the hard material to the 200° C. anneal for 
metal reduced 36.6 per cent, and upward. This indicates that for 
temperatures below visible recrystallization, possibly amorphous, mate- 
rial resulting from severe working undergoes some readjustment, which 
causes a distinct hardening instead of softening as would generally be 
expected. This phenomenon was observed by Mathewson and Phillips,* 
and came under my observation* when I annealed artillery cases at low 
temperatures. 

J. Bxjkns Read,* Washington, D. C. — There is nothing I can say 
other than in support of the data that Messrs. Bassett and Davis have 
furnished. In fairness to them, after what Mr. Phillips has said, I 
wish to state that these data were in the hands of officers of the Ordnance 
Department early last year and were very helpful in the manufacturing 
of cartridge cases for both small arms and artillery. Many contractors 
who undertook the manufacture of cartridge cases knew nothing of the 
control of brass quality through its working and anneal, consequently 
this information was most helpful and such troubles as too soft and too 
hard cases and season or corrosion cracking of cases were readily over- 
come through the application of the principles brought out in this article. 
A large number of micrographs and records of Brinell tests collected by 
the Ordnance Department certify as to the correctness of the data. 


•Captain, Technical Staff, Ordnance Dept., TJ. S. A. 

> Trans. 0916) 64, 608-657. 

‘ W. B. Price: American Society for Testing Materials (1918) 18. 
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The question of Brinell tests has been given much attention by the 
Ordnance Department. As stated, the Brinell test has not been reliable 
when applied to thin material, and if it makes an impression through 
to the other side of the metal it is no longer a Brinell test. 

The Ordnance Department in its laboratory at Pittsburgh has been 
working on the development of what it calls a baby Brinell machine, and 
has obtained some very satisfactory results in the brinelling of thin sheet 
metals. Since the signing of the armistice, this machine has been used 
in the direct brinelling of 0.30 caliber cartridge cases and very consistent 
results have been obtained. Because of these results, we feel that the 
brinelling of thin sheet metal is soon to be a reliable method of determining 
its hardness. 

W. H. Bassett. The discussion of this paper has been gratifying 
and I am glad to hear the various conclusions that have been drawn from 
the data supplied. It was our intention to arrive at a practical method 
which would allow the rapid testing of cartridge brass in inspection. Of 
course, this work has a commercial bearing now that we are no longer 
manufacturing munition supplies. The Brinell standard test using the 
10-mm. ball is not serviceable for thin metal, and I am glad to hear of the 
development of the baby Brinell; this should certainly offer a means for 
the more rapid testing of the hardness of thin brass. 

Notwithstanding what Mr. Merriman said about the possibility of 
brass passing a Brinell hardness specification^ in the case of over-anneal- 
ing followed by light rolling, I do not believe that this fact detracts from 
the practicability of the Brinell test. It is, of course, possible by combina- 
tions of working to obtain false impressions from the grain count, as we 
attempted to bring out in the paper. If, for instance, work done on the 
brass is not sufficient to make apparent a deformation of the grain, the 
grain size wilt not be an accurate measure of the hardness of the material. 
In other words, the material may be much harder than the grain diameter 
indicates. Likewise, certain combinations may be arranged that will 
make the Brinell hardness figures misleading. 

The purpose of proposing the Brinell hardness test to replace the 
grain count is to make possible more rapid, inspection, but the two 
methods should be used in connection with each other. If the Brinell 
hardness test is used in inspection, an occasional microscopic examination 
should be made in order to obtain a proper understanding of the material 
being considered. So far as material above 0.100 in. thick is concerned, 
the Brinell hardness test can be trusted, provided an occasional micro- 
scopic examination is made. 
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Babbitt and Babbitted Bearings 

BY JESSE L. JONES,* A. B., PITTSBTTBGH, PA. 

(Milwaukee Meeting, October, 1918) 

Summary 

1. Brinell tests at progressively increasing temperatures are given for 
a representative lead-base and a representative tin-base babbitt, showing 
that the former has superior resistance to deformation at the working 
temperatures of bearings. 

2. Small squares of bearing bronze, tinned and then babbitted with a 
representative lead-base babbitt and a representative tin-base babbitt 
were subjected to compressive loading. The lead-base babbitt showed 
less average compression than the tin-base babbitt. Compression did not 
materially increase the Brinell hardness of the babbitts. 

3. A process and a tool are described for giving smoother and more 
accurate surfaces to bearings than has heretofore been possible. 

The following experiments have recently been carried out in the 
chemical laboratory of the Westinghouse Electric and Manufacturing 
Co., Pittsburgh, Pa. While the work is incomplete, it is described at the 
present time because data on the comparative merits of lead-base and 
tin-base babbitts are of interest in connection with the present shortage 
of tin. 

Brinell Hardness of Babbitt at Increasing Temperatures 

Bearings fail because of wiping, or deformation. Hence tenacity is 
desirable in a bearing metal, especially tenacity at high temperatures. 
The Brinell test is commonly regarded as a measure of tenacity. In fact, 
it has recently been proposed to substitute for Brinell hardness number 
the expression “tenacity number. It seemed, therefore, that the 
Brinell test was especially adapted for the tests described. 

Disks, 4 in. (101 mm.) in diameter and 1.5 in. (38 mm.) thick, were 
made of the babbitts to be studied, designated A, B, C. They were 
poured into metal molds,, pyrometer leads being soldered in the center of 
each disk. The composition of the babbitts was as follows: 


Metallurgist, Westinghouse Elec. & Mfg. Co. 

^ J. W. Graggs: Notes on Testing Hardness of Metals. Journal, Society of 
Chemical Industry (1918) 37, No. 3, 43T. 
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ABC 

Antimony 8 S/4 14 

Copper 2 8}i Nil 

Lead Nil Nil 78 

Tin 90 83J^ 8 


The disks were heated by an electric hot plate, the heating being 
controlled by suitable rheostats. The thermocouple leads were con- 
nected with a Leeds & Northrup potentiometer, for measuring the 
temperatures. The disks were well insulated to prevent radiation losses, 
and after the desired temperature was reached it was held for several 
minutes to guard against variations. 

The Brinell hardness tests were made on the bottom surfaces of the 
disks, a light machining cut being taken from each sample in order to 



VARYING TEMPERATURES. 

secure a perfectly plane and smooth surface. Fig. 1 gives a sketch of the 
apparatus used for the test. The Brinell hardness numbers were plotted, 
giving the curves shown in Fig. 2. 

At 35° C., the hardness of the A and C babbitts is identical, but above 
this temperature the lead-base babbitt has the greater hardness. 

The curves for babbitts B and C are almost parallel, and not far apart; 
it is seen that the C curve is slowly approaching the B curve. Complete 
results from the various testing departments of the Westinghouse com- 
pany, covering a number of years and a great variety of motors, confirm 
the superiority of the lead-base babbitt. The number of wiped bearings 
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that had to be rebabbitted was about 100 per month with the A babbitt, 
but not more than six per month when the C babbitt was used. 

These practical results have led to the adoption of the C babbitt for all 
classes of machines, and the complete elimination of A or tin-base babbitt. 
Both experimentally and practically the lead-base babbitt has shown 
greater resistance to wiping or deformation at working temperatures than 
the tin-base babbitt. 

The hard, genuine babbitt B, the test of which is shown in Fig. 2, 
while not regularly used, has been found very serviceable in the Kings- 



Fig. 2. — Hardness of three babbitts at varying temperatures. 

bury step bearing and other situations where the bearing pressures have 
been rather high. While the Brinell hardness shown in Fig. 2 for the A 
and C babbitts is not far from the average hardness found for these alloys 
when using the standard hardness test piece, the hardness observed for 
the B babbitt is much below normal; it should be about 38. The reason 
for the low Brinell hardness of this babbitt is probably the fact that it is 
difficult to prevent the large amount of copper in this alloy from segrega- 
ting, even when it is kept very hot and stirred continuously. The B 
formula is almost the same as the genuine babbitt of the Society of Auto- 
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mobile Engineers. It is also similar to the alloy known as Fahrig metal, 
that is much used for lining aeroplane bearings abroad. 

As it is the common belief among mechanical engineers that the 
addition of even a small amount of lead to a genuine babbitt renders it 
inferior, similar tests to those described above were run on the A babbitt, 
to which 1, 3 and 5 per cent, of lead had been added. The addition of 
1 per cent, of lead to the A babbitt made a decided improvement in its 
resistance to deformation at increasing temperatures. Additions of more 
than 1 per cent, of lead did not increase the hardness in the same ratio. 



The results of these tests are shown in Fig. 3, and are in harmony with the 
observations frequently made by users of babbitt, that when a small 
amount of lead has been added accidentally to a tin-base babbitt, its 
hardness and anti-frictional qualities have been much improved. 

Effect of Compression on the Brinell Hardness of Babbitts 

After a babbitted bearing has been bored out nearly to size, it may 
next be scraped until an accurate fit is obtained. This is a tedious oi)era- 
tion and demands a skilled mechanic; hence reaming or broaching are 
ofteo used instead of this method. A reamer can be passed through a 
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number of bearings so that they will all be lined up in one operation. 
Reaming, at its best, however, is a rather violent operation, especially 
after the reamer becomes dull. Broaches are pushed through the 
bearing by a hydraulic press until the required dimensions are reached. 
In the case of large bearings, peening or compressing the babbitt by 
hammering is often specified. The last two operations, in particular, are 
supposed to compress the babbitt in a bearing and harden it so that it will 
give better service. The following experiment was made to ascertain the 
effect of compression of babbitt on its Brinell hardness. 

Two phosphor-bronze plates (Cu, 80; Sn, 10; Pb, 10; P,0.5 per cent.), 
2 in. (50 mm.) square by in. (12.7 mm.) thick, were machined all over; 



Fig. 4. — Apparatus for compressive tests of babbitt. 


one face was then tinned and babbitted with in. (6.3 mm.) of babbitt, 
B babbitt being used on one sample and C babbitt on the other. The 
babbitt was machined to Ya: the samples subjected to a compres- 

sive test in the apparatus shown in Fig. 4, so designed that the load would 
be distributed as uniformly as possible. The successive loads and the 
corresponding Brinell hardness tests are given in Table 1. 


Table 1. — Compression and Hardness of Babbitts 


Load, lb. per sq. in. 

B Babbitt 

C Babbitt 

1 Compression, in. 

Brinell 

Compression, in. i 

i 

Brinell 

8,500 

0 0020 

33.6 

0.0015 

23.8 

10,000 

0.0020 

33.6 

0.0020 

23.8 

11,000 

0.0055 

33.6 

0.0030 ; 

24.8 

12,000 1 

0.0085 , 

33.6 

0.0032 

24.8 

13,000 

0.0140 

33.6 

0.0102 

24.8 
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The lead-base babbitt withstood compression better than the tin-base 
babbitt. When the load was increased to 30,000 lb. per square inch, 
however, the latter presented the better appearance, as the babbitt had 
flowed uniformly in all directions over the edge of the bronze square, 
while the lead-base babbitt compressed more on one side than on the 
other, and the sample tilted in spite of the rocker device. At a load of 
30,000 lb. per square inch, the bronze also flowed appreciably. 

These tests show that broaching, pcening, etc., do not appreciably 
increase the hardness of babbitt, and that hardness must be obtained by 
quick cooling of the lining by water-cooled mandrels, etc. 

Microscopic examination of a lead-base babbitt discloses a matrix or 
groundmass of several eutectics in which are embedded hard cubical 



Fig. 5. — Mills micrometer roller. 


crystals of tin antimonide. These crystals, being relatively low in specific 
gravity, tend to be more numerous in the upper portion of a babbitt 
lining. This lack of uniformity is guarded against by pouring a thin 
lining and chilling quickly. The secret of obtaining good bearings 
consists in keeping this matrix tough and hard. The same remark 
applies to the tin-base babbitts, although in these there is less tendency 
for the tin antimonide crystals to rise to the surface, owing to the lower 
specific gravity of these babbitts. 

Rolling of Babbitted Linings by the Mills Micrometer Roller 

As the above test of Brinell hardness of babbitt after compression 
showed practically no change in hardness, it was concluded that the 
various methods of finishing babbitted bearings, such as peening, broach- 
ing, and reaming, did not improve the hardness of the babbitt. As, 
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after these operations and the final scraping, it is still necessary to make 
a test run of bearings until the shaft is seated, it seemed possible to 
introduce improvement in the usual method of procedure. The so-called 
glass-like surface of old bearings is considered very desirable. Even if 
the babbitt is no harder than when cast, all inequalities of the surface 
have been smoothed out and friction has been reduced to a minimum. 
It occurred to the writer that, by a rolling or burnishing operation, this 
desirable finish could be given to babbitt linings so that a machine could 
be operated at full speed as soon as finished, without any trial run. 

A tool. Fig. 5, designed by I. Mills, seems capable of doing this work 
satisfactorily. It was made for securing a better seat for the ball-beping 
races of a small aeroplane wireless generator. A variation of 0.0007 in. 
(0.018 mm.) was found in the bearings, which could not be corrected 
by reaming or machining. With this tool, the seats in the aluminum 
alloy end brackets can be rolled to suit the individual variations of the 
ball bearings. A girl does the rolling, and the bearings can then be 
inserted or removed with the fingers. If the work is done by reaming, 
bearings may fit tightly at first, and after having been taken out may be 
quite loose, because burs, etc., have been removed. 

While the Mills micrometer roller has been made only in a very small 
size as yet, it can be made in larger sizes and would then be capable of 
exerting much greater pressures. The present instrument is made for a 
diameter of 1% in. (44.5 mm.) and has a range of 5 mils plus and minus. 
It consists of 10 rolls which can be expanded by a micrometer screw 
through the medium of two tapered cylinders which give a parallel out- 
ward movement to the rolls. The essential feature of the instrument is 
that the rolls are not equally spaced, as this would cause them to flute the 
rolled surface. 

A trial of this method of rolling babbitted linings is being made on two 
sets of connecting-rod crank-shaft bearings of the Liberty engine, one set 
being filled with the lead-base babbitt C, and the other with the tin-base 
babbitt B. A description of the difficult conditions that are encountered 
in the bearings of the Liberty engine, due to its great power, are given in 
a very interesting paper, “The Metallurgist and the Aircraft Program” 
by Lieut. H. F. Wood, U. S. Army, Signal Corps.^ 

DISCUSSION 

G. H. Clamer* (Philadelphia, Pa.). — About 16,000 tons of tin 
is used annually in the production of white metals. The real reason 
for using the so-called genuine babbitt, which is a high-tin base babbitt. 


* Proceedings, Steel Treating Eesearch Society (April, 1918) 1, No. 9, 15. 

* First Vice-president and Secretary, Ajax Metal Co. 
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perhaps in the majority of cases, is that tin has always been a high-priced 
metal and people naturally believe that what they pay a high price 
for must be good. Mr. Jones has shown that the common metal, lead, 
is a superior base for most purposes for which babbitt metal is used. 
The addition of lead is often looked upon as adulterant to genuine babbitt, 
and specifications for this reason rigidly restrict the lead content. 

A sub-committee of the Society for Testing Materials, at the meeting 
in June, presented tentative specifications on babbitt metal, in which were 
included twelve formulas, containing from zero to 20 per cent, of tin, 
and several containing from 65 and 92 per cent. Babbitts containing 
from 21 to 64 per cent, of tin soften at slightly elevated temperatures, and 
so are not as good as the babbitt metals that are strictly of lead base and 
which carry but a small percentage of tin. However, these intermediate 
babbitts can be cast in very thin sections, owing to their low melting 
point. Experience has now proved that the very best kind of bearing 
is one having a bronze back and a very thin lining of babbitt, and the 
thinner the better. Babbitt metals with a fairly high melting point 
must be cast rather heavy and afterward machined out ; there is a possi- 
bility that these intermediate babbitts might be cast thin enough to avoid 
the necessity for boring and then gotten down to a fine bearing surface 
by simply reaming or bobbing. 

Jesse L.^ Jones. — It is not altogether a question of the desire to 
use a high-priced material, for its fluidity has a lot to do with the adapta- 
bility of a babbitt. Tin-base babbitts are quite fluid and you can cover 
a large area with a rather thin lining. The viscosity of a lead-base bab- 
bitt at the pouring temperature is such that it requires skill to pour a 
thin lining into a bearing that has very much of an area. But if a lead- 
base babbitt is highly refined, fluid, and properly poured by trained men, 
you can get a good solid lining, free from blowholes, and in every way 
equal to the tin-base babbitt lining. The necessary care and supervision 
are well repaid on account of the difference in price between the lead-base 
and the tin-base babbitt. 

So far Dr. Frary^s alloy of lead, hardened with barium and calcium, 
has not proved very practical. With bearings of considerable area, the 
alloy must be poured in sections of about in. (12.7 mm.) in order to 
get it to run, and the oxidation loss is considerable. If the temperature 
is kept down to avoid the oxidation loss, there is lack of fluidity. Of 
course, by reducing the amount of barium and calcium, the fluidity is 
increased, but you do not get the hardness, and it is necessary to have 
the hardness also. The first samples submitted were of about 16.5 
Brinnell hardness as cast, and hardened, in a few weeks, to about 19 
or 20. We asked for material of higher Brinnell hardness but it proved 
too sluggish to run into thin linings. 

YOL. LX 30 . 
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Metals and Alloys from a Colloid-chemical Viewpoint 

BY JEROME ALEXANDER,* M. SC., NEW YORK, N. Y. 

(New York Meeting, February, 1919) 

It is an outstanding fact of Nature that many of the practical 
properties of substances are dependent, not on their ultimate chemical 
composition, but on the kind and degree of aggregation of their constit- 
uent particles. Thus, a granite boulder is unmoved by wind or water, 
but if reduced to a fine dust it will be blown about by the wind and 
washed away by the rain. Carbon in one crystalline state of aggregation 
(diamond) is the hardest known substance, whereas in another crystalline 
state (graphite) it is so soft that it is used as a lubricant. Laying too 
much stress on the mere chemical analysis of substances is apt to 
obscure the fact that the nature of the aggregation of their particles is 
always a factor of importance, and sometimes the most important factor. 

Colloid chemistry deals with matter in a very fine state of sub- 
division; its sphere begins with particles just a little smaller than a wave 
length of light and extends down until they blend into molecular dimen- 
sions. With particles of this size, such phenomena as surface tension 
and adsorption, which depend on the development of free surface, become 
enormously magnified. Thus a cube of 1 cm. edge has a surface of 
only 6 sq. cm.; but if it is reduced to colloidal dimensions by being 
cut up into cubes each having an edge of 0.01 m ( 0.00001 mm.), it will 
yield one million, million, million ( 1 , 000 , 000 , 000 , 000 , 000 , 000 ) such 
cubes, having a combined area of 600 sq. m., or 21,274 sq. ft. The tiny 
force with which a drop of rain clings to the window pane becomes a 
factor to be reckoned with, if the surface involved is increased millions 
of times. 

From the colloid-chemical viewpoint, metals and alloys may be 
regarded as jellies or sponge-like structures, the viscosity or stiffness 
of which at ordinary temperatures is exceedingly • great; and like all 
jellies their properties are dependent on the composition and degree of 
dispersion of their constituent phases. These, in turn, depend on 
chemical composition, mutual solubility, speed of chilling, subsequent 
mechanical and heat treatment, etc. In fact, in preparing metals and 
alloys for practical use, we remove undesirable constituents fas in the 
conversion of pig iron into steel), add desirable constituents (as in 

* Treasurer, National Gum & Mica Co.; Chairman, Special Committee on Col- 
loids, Div. Chem. and Chem. Tech., National Research Council. 
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case-hardening or making alloy steels), or control the composition or 
particle size of the phases by chilling, rolling, or tempering. 

It is a matter of importance which is the dispersed phase and which 
is the dispersing phase. For example, cream is an emulsion or dis- 
persion of fat in water and wets paper, whereas butter is a dispersion 
of water in fat and greases paper. While I have not yet examined the 
experimental facts in the case of metals, it seems probable that the relative 
surface tensions of the phases toward each other are important factors 
in determining the constitution of the matrix or dispersion medium, 
and in determining which substances shall constitute the dispersed phases. 
Substances that lower surface tension tend to collect at the interfaces 
and produce in the matrix, as well as in the dispersed phases, a fine 
degree of subdivision. Thus, according to Putz, the predominant effect 
of vanadium in steel is to decrease the size of the ferrite grains and make 
the material harder; it renders the ordinary structure due to pearlite 
fine-grained and homogeneous. 

I believe that the application of the ultramicroscope to the study of 
the minute structure of metals will reveal much that is of interest. 
The great difficulty is in preparing sections of sufficient tenuity for 
examination. One means of preparing such thin metallic films was 
devised by Faraday, who floated gold leaf upon dilute cyanide solutions; 
and an intimation of what results may be obtained was given by Sir 
George Beilby in his Hurter Memorial Lecture entitled The Surface 
Structure of Solids.^ 

Colloids exert a powerful influence on crystallization. Thus plaster 
of Paris crystallized from pure water shows characteristic long inter- 
lacing crystals. The addition to the water of even 0.01 per cent, of 
gelatine delays the set and practically inhibits the crystallization, there 
being formed instead spherocrystals. With the addition of 0.5 per cent, 
of gelatine, the time of set was increased from 40 min. to 960 min. Most 
metals have inherently a powerful tendency to crystallize, which in 
many cases is strongly inhibited by various substances present in the 
melt; and since even small quantities may produce the result, it is obvious 
that they are in a very finely dispersed state, and in many cases, probably 
colloidal. 

The change in dispersion of a substance with varying chemical 
composition of the dispersion medium may be illustrated by an experi- 
ment with ordinary soap, which dissolves in alcohol into a clear crystal- 
loidally dispersed solution; even in the ultramicroscope no particles 
are visible. In water, however, soap forms a cloudy colloidal solution; 
and if sufficient water is added to the alcoholic solution, a turbidity 
at once becomes manifest. If water is added to the slide under the 


1 Journal, Society of Chemical Industry fl903) 22, 1166. 
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ultramicroscope, the alcoholic solution literally explodes into millions 
of actively moving ultramicrons of colloidal dimensions. Another 
strong analogy to metals is exhibited by transparent soap. When quickly 
chilled, it shows very small ultramicrons, whereas when slowly cooled 
the ultramicrons are much larger and may make the soap cloudy. Still 
another analogy is found in gold ruby glass. When quickly cooled, 
this is colorless and shows no ultramicrons; but when reheated, the 
invisible nuclei of metallic gold grow into visibility in the ultramicroscope 
and the glass develops a color. If the colorless glass has been formed 
under conditions insuring the formation of a very large number of nuclei, 
the glass when reheated develops a large number of small ultramicrons, 
and the color is a rich ruby red. If the initial chilling has been too 
slow, the nuclei are too few and too large, and when the glass is 
reheated there are formed a relatively small number of large masses of 
metallic gold, which give the glass a violet or dirty blue color. In such 
spoiled ruby glass, the aggregations of gold may grow until they are 
visible to the naked eye. 

From what has just been said we can easily understand that when 
metals are heated so as to reduce their viscosity sufficiently, their par- 
ticles move to establish the tendencies toward aggregation that were 
arrested by the high viscosity consequent upon solidification. . This 
accounts for most of the phenomena consequent upon tempering or 
annealing. Even at ordinary temperatures gold and lead diffuse into 
each other, but the motion of their particles is so slow that it is quite 
invisible in the microscope and can be determined only after a long 
lapse of time. In fact, a cork, if given sufficient time, will gradually 
float to the top of a barrel of tar or asphalt. 

Finally we might mention the diffusion of gases into and through 
metals. The adsorption of gas is primarily a surface phenomenon. 
Particles within the mass of a phase are on all sides surrounded by 
particles of the same kind. Particles at the surface, however, have one 
side in contact with a different phase. The free surface or interface 
may thus become the seat of a residual attraction or surface affinity. 
This is exhibited by freshly cleaved sheets of mica, which adhere if 
promptly put together, but in a few moments this property is lost 
owing to the adsorption of atmospheric gases. If there is a dimi- 
nution of attraction at an interface, fracture will preferentially 
follow such interface, as is evident in coarsely crystalline metals, for 
example. 

In the case of finely dispersed metallic systems, with enormous free 
interfaces, the adsorption of gas may weaken the attraction between 
the particles and render the metal brittle. In the case of gases with 
actively moving particles, the metal may be actually penetrated by 
the gas, 4S those who have to handle hydrogen know to their sorrow. 



DISCUSSION 


469 


In conclusion, I must emphasize the fact that in Nature all transitions 
are gradual. Ordinary coarse suspensions pass imperceptibly into 
and through the colloidal zone to actual crystalloidal subdivision, 
or so-called ^Hrue solution.” Sols pass so gradually into gels that 
we cannot point out the exact spot where one ends and the other 
begins; and there is no sharp line of demarcation between physics and 
chemistry, which are connected by a twilight zone of colloidal phenomena 
partaking of the nature of both. 

DISCUSSION 

Jerome Alexander. — All of you undoubtedly know that a microscopic 
examination of metals will reveal many things; but we should go further 
than just simply using a low- or medium-powered microscope and seek 
the reason why grain size varies under different conditions. When we 
get below the limits of the ordinary microscope, we enter the so-called 
colloidal field, which means that we are dealing with aggregations of 
matter that approximate, say, 100 millimicrons. The colloidal dimensions 
average approximately 50 milhonths of a millimeter and extend down to 
about 3 jUAt. This, of course, is beyond the range of visibility in the 
ordinary microscope. Just to give you an idea of this matter, if 1 cu. in, 
of platinum is reduced to a sheet five molecules thick, it will cover 7 
acres; you can imagine the amount of surface involved when metal, or 
anything else, is subdivided to so high a degree. Of course five molecules 
thick is a Httle below the hmits of the colloidal dimensions. 

The statement is made in the paper that metals and alloys might be 
regarded as jellies and sponge-like structures. Of course that is not 
absolutely true, because, at certain stages, metals are rather aggregations 
of crystals surrounded by some kind of a matrix. But when metals or 
alloys are chilled suddenly there is not the degree of crystallization ordi- 
narily found in the ordinary commercial metals. 

It is very difficult to make examinations in masses of metals. About 
9 or 10 years ago, I did some work showing the effect of colloidal sub- 
stances, such as glue, etc., on the crystallization of ordinary salts, like 
sodium chloride, etc. If ordinary sodium chloride is mixed with a small 
per cent, of gum arabic and allowed to crystallize, the most interesting 
branching forms are obtained, which at once reminded me of a great many 
of the so-called crystal forms seen in the photomicrographs of alloys. It 
appears that wherever there is a crystallization tendency it is possible, by 
the presence of other substances, to modify that tendency so that the final 
result is something between what the metal or the salt would have 
done had the influe^icing substances been absent, and some other extreme, 
which has not yet been determined. In any event, crystallization is 
very powerfully influenced by other substances. Now, whether the 
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action is physical or chemical, or whatever you wish to call it, the fact 
of the matter is that wherever an ordinary salt, hke sodium chloride, 
starts to crystallize, you can influence its whole crystallization by adding 
to it a httle gum arabic or similar colloid. 

It seemed to me that a similar condition must be true in metals. I 
have not delved into the whole question of metals; I know very little about 
them, but the analogies are so strong that it seems a very promising 
field of investigation, and the only difficult question is the preparation of 
the proper samples of investigation so as to go further than just using the 
ordinary microscope on the metals. We should see whether we cannot 
get some information by means of an instrument that will render 
visible particles smaller than are shown by the ordinary microscope. 
You might raise the question, are these particles crystalline particles or 
not? My answer to that would be that I do not believe we can ever 
know with absolute certainty. Since they are smaller than a wave length 
of light, they never will have any apparent size or shape; they simply 
will vary in brilliance and in apparent size. Consequently, the particle 
itself can never be resolved, although it may be made visible. There is a 
big difference between visibility and resolvability. Besides, substances 
like glue and gum arabic have the power not only of altering crystalliza- 
tion but of preventing crystallization. There must be an analogous 
condition in the case of metals and, from simply glancing through the 
metallurgical literature, I have seen numerous cases which point to that 
very fact. 

As an illustration, I have some samples of transparent soap that were 
prepared about 9 or 10 years ago. Transparent soap has, in a way,, some 
peculiarities that offer a strong analogy to metals. A piece of this soap 
was melted in a pot over the kitchen stove and one part was cooled 
relatively slowly; the other part was cooled off quickly. When examined 
with the ultra microscope, the one that had been chilled very quickly 
showed practically no ultramicrons; it was, practically speaking, homo- 
geneous. The piece that had been slowly cooled showed a large number 
of ultramicrons. When examined about 3 or 4 years later, no ultra- 
microns were visible in the quickly cooled piece, which was apparently 
as homogeneous as before, but in the slowly cooled pieces there were 
crystals visible under low power. There is also a big difference between 
the two pieces of soap even today. 

Wilder D. Bancroft,* Washington, D. C. (written discussion f) — 
In two-phase systems there are three possibilities and Mr. Alexander 
has only considered two. We may have the first phase the internal 


* Lieut.- Colonel, Chemical Warfare Service, U. S. A., 
Division. 

t Received Jan. 31, 1919. 
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one and the second the external one; we may have the fibrst phase the 
external one and the second phase the internal one; and we may have 
both phases continuous. This last case occurs when we have a roll 
of wire fencing standing in the air; the wire is continuous and so is the 
air. It is quite probable that this case occurs very often in alloys and it 
is, therefore, important that it should not be overlooked. With gold 
containing a Httle bismuth, the bismuth forms a coating around the 
grains of gold and consequently makes a brittle alloy having a low con- 
ductivity; this is one of the cases covered by Mr. Alexander's classifica- 
tion. The important nature of the external phase is shown very clearly 
in some work by C. G. Fink published some years ago. He took 
the same mixtures of metallic tungsten and alumina and compressed 
them to solid masses, the only difference being that the tungsten was 
relatively coarse in one case and relatively fine in the other. When the 
tungsten was relatively coarse, the fine alumina particles coated the 
coarser tungsten particles and he obtained a white mass that does not 
conduct electricity. When the tungsten particles were relatively fine, 
they coated the coarser alumina particles and he got a black mass that 
conducts electricity. 

It seems a pity to bring up an analogy between alloys and jellies, 
because the alloy is the simple case and the jelly is the complicated one. 
In the case of the alloy the mass is always crystalline; we can determine 
easily the composition of the two phases and it is not difficult to ascertain 
whether we are dealing with external and internal phases, or what I call 
an interlaced system. In the case of a jelly, both phases are amorphous; 
we do not know the composition of either phase and we do not know the 
structure. It may be advisable some day to discuss jellies with reference 
to alloys, but it is certainly a step backward to discuss alloys with ref- 
erence to jellies. 

Paul D. Merica,* Washington, D. C. (written discussionf). — The 
study of the effect of degree of dispersion of solid solutions in alloys 
seems to hold forth most interesting possibilities. Until recently only 
one example of an alloy solution of varying dispersion of the solute 
was well known to metallurgists; that of cementite (FcaC) in alpha, or 
perhaps in alpha plus beta, iron. According to one theory of the harden- 
ing of steel, the changes taking place during the tempering of steel 
are due to the progressive coalescence of this cementite from particles of 
almost atomic size, in martensite, to colloidal particles of larger size in 
troostite and sorbite, and finally to particles of size sufficiently large to 
be visible under the microscope, in granular pearhte. As the average size 
of particle of cementite increases, the hardness of the conglomerate dimin- 
ishes and the electrical conductivity increases. 


* U. S. Bureau of Standards. 


t Received Feb. 26, 1919. 
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I have recently studied another alloy series in which also a solid 
solution occurs, apparently in different degrees of dispersion. This is the 
binary system: copper-aluminum, in which a solution of approximately 
4 per cent, of copper as CuAl 2 in solid aluminum is formed at about 
500° C. The solubility of the CuAl 2 in aluminum diminishes with decreas- 
ing temperature; consequently such an alloy, when quenched from 500° C., 
is supersaturated with respect to CuAl 2 . During the tempering of the 
quenched alloy at about 200° C., as all evidence seems to indicate, the 
excess particles of CuAl 2 coalesce just as do those of cementite, forming 
progressively larger and larger ones. 

Just after quenching, when the solution is still presumably in atomic 
dispersion, it is -quite soft, as the coalescence progresses during tempering, 
the hardness first increases to a maximum and then diminishes again. 
There is apparently a certain degree of dispersion which produces maxi- 
mum hardness in this solution, one in which the particles are greater than 
when in atomic dispersion. 

It is to be hoped that the introduction of the use of the ultra-violet 
microscope and of the a;-ray diffraction ^^microscope’^ for the study of 
the structure of metals and alloys may make possible further systematic 
study of the effect of degree of dispersion upon the physical properties of 
solid solutions. 

Zay Jefpkies,* Cleveland, Ohio (written discussionf). — The micro- 
scope has, indeed, proved a mighty tool in the study of the structures of 
substances. It is limited in its resolving power to the wave length of the 
light used for illumination. A little in resolving power can be gained by 
using ultraviolet rays, which can only be detected by the photographic 
plate. Even the highest powered microscope only permits the study of 
aggregates of millions of atoms. The a:-ray spectrometer, on the other 
hand, makes it possible to study the positions of the atoms in a crystal. 
The positions of the atoms in over fifty crystals have now been ascer- 
tained. But in amorphous substances the x-ray spectrometer is only 
able to tell us that the atoms seem to have no regular arrangement ; the 
actual arrangement and method of grouping is still a mystery. 

In most perfectly formed crystals and in so-called grains’^ in metals, 
the x-ray spectrometer teaches us that colloids seem to play no role inas- 
much as the atoms are arranged in regular layers rather than in random 
clusters. In the boundary region between crystalline grains of like as 
well as unlike substances and in amorphous substances like glass, it seems 
probable that the random clusters, or colloids, play an important role. 

There still reinains the application of wave lengths connecting the 
ultraviolet and x-rays both by direct reflection or diffraction and by the 


* Director of Research, Aluminum Castings Co, 
t Received Mar, 24, 1919. 
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ultramicroscope. In the study of substances like glass, for example, it 
may be possible to identify the clusters or molecules by one wave length 
and to study the positions of the atoms in a cluster by using a smaller 
wave length. Any light that can be thrown on this important unknown 
subject and its relation to the properties of substances is therefore very 
welcome, and Mr. Alexander's paper is so written as to stimulate thought 
and experimentation in this direction. 

Jerome Alexander (author’s reply to discussion*). — Col. Bancroft 
states that in the case of alloys, the mass is always crystalline. While 
this generally may be so in the case of alloys, as ordinarily met with, 
before the alloy reaches this state or condition, its constituent particles 
must be in a still more finely dispersed state. In alloys, the speed of 
transition between the finely dispersed state where the phases are amor- 
phous, and the crystalline state where the phases are of known composi- 
tion, is so great that, in most cases, the amorphous condition is not met 
with in the final product. My point is that by quick chilling or the 
introduction of substances that retard or interfere with crystallization, 
the final degree of dispersion may be powerfully influenced, and by such 
influence the properties of the resulting metal may also be affected. It 
is perfectly proper, therefore, to consider the analogy to the initial 
amorphous, or jelly, state as well as to the final, or crystalline, state and 
I have done both. In the case of transparent soap, it was possible to 
show both the amorphous and the crystalline states in the same substance. 

Moissan observed that if a little platinum be added to mercury the 
mercury will then readily emulsify with water. I mention this as an 
instance of the effect of one metal on the surface tension or aggregation 
tendency of another. I also refer to my work on the effect of colloids on 
crystallization, 2 as showing the powerful effect of such substances upon 
crystallization. 

Of course, as Col. Bancroft points out, where both phases of a two- 
phase system are continuous, such condition must be considered; but even 
in this case the degree of dispersion of the phases is an important factor. 
I believe that more knowledge may be acquired by applying the ultra- 
microscope and other methods of colloid research to metals and alloys, 
and even though most metals and alloys ultimately become crystalline, 
that we should investigate their dispersed, or amorphous, state, and follow 
so far as possible the changes that finally lead to the crystalline condition 
and the means by which this condition may be modified or prevented. 


* Received Mar. 17, 1919. 
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Introduction 

During the period 1914 to 1916, the writer observed many times that 
tungsten wire could be drawn hot until it became brittle but on cooling 
to room temperature it became ductile again. In searching the litera- 
ture for parallel cases, it was found that Beilby^ had produced hard- 
drawn wires of gold, silver, and copper that showed less than 1 per cent. 


* Part 2 of thesis submitted to Harvard University for degree of Doctor of Science, 
May 1, 1918. Part 1 appeared in Journal, Institute of Metals (No. 2, 1918). 
t Director of Research, Aluminum Castings Co. 

^ G. T Beilby: The Hard and Soft States in Metals. Journal, Institute of Metals 
(No. 2, 1911) 6, 5-43. 
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elongation at room temperature but when tested at the temperature of 
liquid air showed elongations as high 'as 12 per cent. At the same time 
the tenacity was greater at the lower temperature. Beilby offered no 
explanation for this, but he assumed that a general increase in tenacity 
favored ductility. That this is only incidental and not the real cause of 
the ductihty is shown by Hadfield’s^ experiments on iron at liquid-air 
temperatures, which show an even greater in- 
crease in tenacity than Beilby’s results but in 
which the ductility was reduced to substantially 
zero. 

To find, if possible, an explanation of these 
phenomena and to study other allied phenomena 
investigations were undertaken, the results of 
some of which were reported in another paper.® 

Nature of Experiments 

Experiments were carried out on tungsten, 
iron, and copper. Tungsten has the highest 
melting point of all the metals and the highest 
recrystallization temperature and its behavior at 
room temperature is exactly opposite to that of 
the common ductile metals as regards the proper- 
ties of malleability and ductility. When it is 
given a treatment that anneals other metals, it is 
made brittle, and when worked severely below its 
recrystallization temperature and then cooled to 
room temperature, it is ductile. A study of the 
properties of tungsten at low temperatures should 
therefore throw light on the properties of metals 
in general at temperatures relatively low for them. 

For example, tungsten might be considered to 
behave at room temperature the same as copper at 
some lower temperature, which the results of these experiments indicate 
must be lower than the temperature of liquid air. 

Iron was selected because it has the peculiar property of being about 
25 per cent, stronger at 200°-250° C. than at room temperature. It 
also has intermediate melting and recrystallization temperatures between 
those of tungsten and copper. Copper should be representative of the 
soft ductile metals, such as gold, silver, platinum, and lead. 

A. Hadfield : Experiments Relating to the Effect on Mechanical and Other 
Properties of Iron and Its Alloys Produced by Liquid Air Temperatures. Journal^ 
Iron and Steel Institute (No. 1, 1905) 67 , 147-219. 

3 Zay Jeffries : Metallography of Tungsten. This volume. 
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Materials Used in Experiments 


The copper was electrolytic bus-bar stock and showed by analysis 
about 99.9 per cent, copper. Microscopic examination showed that 
it contained about the same percentage of copper oxide as 
r is ordinarily found in wire-bar copper. 

! Tungsten used commercially for incandescent jfilaments 
j containing about 0.75 per cent, thoria was selected for 
these experiments. Many microscopic and chemical 
analyses of this material show that the metallic part is 
j practically pure tungsten and that thoria is present in small 
I non-metallic spherical globules. 

j The iron was kindly furnished by the American Rolling 
! Mill Co. of Middletown, Ohio. It is the variety known as 
^^Armco” iron and contained about 0.02 per cent, carbon. 
I It was furnished in bars 0.25 in. by 1 in. (6.35 by 25.4 mm.). 

Description of Samples 



D 


C-1. — Copper drawn at room temperature from 0.125 
in. to 0.025 in. (3.175 mm. to 0.635 mm.) without inter- 
mediate annealing. The bus-bar was swaged to 0.125 in. 
and then annealed and the annealed piece was drawn cold 
without further annealing to the finished size. This is 96 
per cent, reduction. Fig. 4 is a micrograph X 150. 

C-2. — Same as C-1, annealed 5 min. at 750° C. Fig. 
6 is a micrograph X150. 

C-3. — Copper drawn at room temperature from 0.042 
in. to 0.025 in. (1.0668 mm. to 0.635 mm.) without inter- 
mediate annealing; 64 per cent, reduction. Fig. 7 is a 
micrograph X150. 

C-4. — Copper drawn at room temperature from 0.031 
in. to 0.025 in. (0.7874 mm. to 0.635 mm.) without inter- 
mediate annealing; 64 per cent, reduction. Fig. 10 is a 
micrograph X150. 

C-5. — Copper drawn at 150° C. from 0.075 in. to 0.025 
in. (1.905 mm. to 0.635 mm.) without intermediate anneal- 
ing; 90 per cent, reduction. Fig. 12 is a micrograph X150. 

C-6.' — ^Copper drawn at 150° C. from 0.042 in. to 0.025 
in. (1.0668* mm. to 0.635 mm.) without intermediate anneal- 
Fig. 2. ing; 64 per cent, reduction. Fig. 14 is a micrograph X150. 
C-7. — Copper drawn at 150° C. from 0.031 in. to 0.025 in. (0.7874 
mm. to 0.635 mm.) without intermediate annealing; 32 per cent, reduc- 
tion. Fig. 16 is a micrograph X 150. 


A 
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(7-8. — The same as (7-1, heated for 10 min. at 150° C. in oil. 

(7-9.— Copper drawn at 200° C. from 0.031 in. to 0.025 in. (0.7874 
mm. to 0.635 mm.) diameter without intermediate annealing; 32 per 
cent, reduction. Fig. 18 is a micrograph X 150. 

C-10 , — The same as (7-1 heated 3 min. at 450° C. Fig. 22 is a 
micrograph X150. 



Fig. 3. — S , Scale; B, Base -portion; F, Electric furnace; J, Cold|junction 
(thermos bottle); C , Clamp; Z/, Loading mechanism; P, (galvanometer for 

TEMPERATURE MEASUREMENT; T, TaNK OF ArGON; ilZ, MeTER TO MEASURE FLOW 
OF Argon; P, Rheostat to control temperature of furnace. 

T-1.— Tungsten wire 0.025 in. (0.635 mm.) diameter produced by 
swaging a rod 0.165 in. (4.191 mm.) to 0.030 in. (0.762 mm.) diameter and 
drawing from 0.030 in. to 0.025 in. At the beginning of swaging a tem- 
perature of about 1300° C. was used and this was gradually decreased as 
the working progressed, the finishing temperature being 1000° C. This 




478 EFFECT OF TJ^MPERATURE, ETC. ON PROPERTIES OF METALS 



Fig. 4. — C-1. Longitudinal sec- Fig. 5. — C-l-c-950. Same as Fig. 
TION OF COPPER WIRE DRAWN AT ROOM 4 AFTER TENSILE TEST AT 950° C. X 150. 
TEMPERATURE FROM 0.125 IN. TO 0.025 
IN. X 150. 



Fig. 6 . — C-2. Copper annealed 5 Fig. 7. — C-3. Copper drawn at 
MIN. at 750° C. Longitudinal section, room temperature from 0.042 in. 
X 150. TO 0.025 IN. Longitudinal section. 

X 150. 



Fig. 8. — C-3-a-750. Same as Fig.7, Fig. 9. — C-3-C-750. Same, broken in 
broken in 5 SEC. AT 750° C. X 150. 3 min. at 750° C. X 1 50. 
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Fig. 14. — C-6. Copper drawn at Fig. 15. — C-6-a-750. Same as Fig. 
150° C. FROM 0.042 IN. TO 0.025 in. 14, after tensile test at 750° C. 


X 150. 


X 150. 
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Fig. 16. — C-7. Copper drawn at Fig. 17. — C-8-a-750. Copper drawn 

150° C. PROM 0.031 IN. TO 0.025 in. from 0.125 in. to 0.025 in. cold, heated 
X 150. 10 MIN. AT 150° C. AND THEN TESTED 

AT 750° C. X 150. 



Fig. 20. — C-9-a-950. Copper drawn Fig. 21. — C-9-b-950. Same as Fig. 20 
AT 200° C. FROM 0.031 IN. TO 0.025 IN. BUT BROKEN IN 5 SBC. X 150. 

AND tested at 950° C. Broken in 3 
MIN. X 150. 
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Fig. 22. — C-10. Copper annealed 
AT 450° C. FOR 3 MIN. X 150. 


Fig. 23. — T-1. Tungsten swaged 
AND DRAWN HOT FROM 0.165 IN. TO 
0.025 IN. X 150. 


Fig. 24. — T-2. Same as Fig. 23 but Fig. 25. — T-3. Tungsten swaged 
equiaxed. X 150. and drawn at 1000° C. from 0.125 in. 

TO 0.025 IN. X 150. 



Fig. 26. — T-4. Tungsten equiaxed Fig. 27. — I-l. Armco iron drawn cold 
AT 0.042 IN. AND THEN DRAWN AT 1000° FROM 0.120 IN. TO 0.025 IN. X 150. 

C. to 0.028 IN. X 150. 

VOL. LX. 31 . 
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is about 97.5 per cent, reduction by working below the recrystallization 
temperature without annealing. Fig. 23 is a micrograph X150. 

T-2 . — The same as T-1 equiaxed by heating to about 2000° C. with 
electric current in an atmosphere of hydrogen. Fig. 24 is a micrograph 
X150. 

r-3. — Tungsten equiaxed at 0.125 in. (3.175 mm.) diameter and then 
swaged at 1000° C. to 0.030 in. (0.762 mm.) and drawn to 0.025 in. 
(0.635 mm.). This is 96 per cent, reduction by working below the re- 
crystallization temperature. Fig. 25 is a micrograph X 150. 

T-A . — Tungsten equiaxed at 0.042 in. (1.0668 mm.) diameter and 
drawn at 1000° C. to 0.028 in. (0.7112 mm.). This is 56 per cent, reduc- 
tion by drawing below the recrystallization temperature. Fig. 26 is 
a micrograph X 150. 

J-1. — Armco iron drawn at room temperature from 0.120 in. to 
0.025 in. (3.048 mm. to 0.635 mm.) diameter. The 0.25-in. (6.35-mm.). 
Armco iron bar was swaged to 0.120 in. and then annealed and the 
annealed wire was drawn without further annealing to the final size. 
This represents about 96 per cent, reduction of area by cold drawing 
without annealing. Fig. 27 is a micrograph X150. 

1-2.* — Same as J-1, annealed 5 min. at 850° C. Fig. 32 is a micro- 
graph X150. 

J-3. — Armco iron drawn at room temperature from 0.042 in. to 0.025 
in. (1.0668 mm. to 0.635 mm.). Some of the Armco iron was annealed 
at 0.042 in. and then drawn cold without intermediate annealing to 
0.025 in. This represents 64 per cent, reduction in area by cold drawing 
without annealing. 

J-4. — Armco iron drawn at room temperature from 0.031 in. to 
0.025 in. (0.7874 mm. to 0.635 mm.) diameter. Some iron was annealed 
at 0.031 in. diameter and drawn without further annealing to 0.025 in. 
This represents 32 per cent, reduction of area by cold drawing. Fig. 33 
is a micrograph X 150. 

J-5. — Armco iron drawn at 400° C. from 0.075 in. to 0.025 in. (1.905 
mm. to 0.635 mm.) without intermediate annealing. This represents a 
reduction of about 90 per cent, without annealing. Fig. 34 is a micro- 
graph X150. 

1-6.^ — Armco iron drawn at 400° C. from 0.042 in. to 0.025 in. (1.0668 
mm. to 0.635 mm.) without intermediate annealing. This is 64 per cent, 
reduction. Fig. 36 is a micrograph X150. 

7-7. — Armco iron drawn at 400° C. from 0.031 in. diameter to 0.025 
in. (0.7874 mm. to 0.635. mm.) diameter without intermediate annealing. 
This is 32 per cent, reduction. Fig. 37 is a micrograph X 150. 

7-8. — The same as 7-1, heated for 10 min. at 400° C. in lead bath. 

7-9.' — Armco iron drawn at 275° C. from 0.042 in. to 0.025 in. 
(1.0668 mm. to 0.635 mm.) without intermediate annealing. This is 
64 per cent, reduction. ' Fig. 39 is a micrograph X 150. 
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Fig. 28. — I-l-c-575. Same as Fig. 27 Fig. 29. — I-l-a-690. Armco iron (I-l) 
AFTER tensile TEST AT 575° C. X 150. AFTER TENSILE TEST AT 690° C. X 150. 



Fig. 32. — 1-2. Armco iron wire 0.025 Fig. 33 — 1-4. Armco iron drawn cold 
IN. DIAMETER ANNEALED 5 MIN. AT 850° FROM 0.031 IN. TO 0.025 IN. X 150. 

C. X 150. 
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Fig. 34. — 1-5. Armco iron drawn at Fig. 35. — I-5-C-575. Armco iron (1-5) 
400° C. FROM 0.075 IN. TO 0.025 in. after tensile test at 575° C. X 150. 
X 150. 


Fig. 36. — 1-6. Armco iron drawn Fig. 37. — 1-7. Armco iron drawn at 

at 400° C. FROM 0.042 in. to 0.025 in. 400° C. from 0.031 in. to 0.025 in. 
X 150. X 150. 


Fig. 38. — I-7-b-575. Armco iron Fig. 39. — 1-9. Armco iron drawn 
(1-7) after tensile test at 575° C. at 275° C. from 0.042 in. to 0.025 in. 
X 150. X 150. 
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7-10. — Armco iron drawn at 275° C. from 0.031 in. to 0.025 in. (0.7874 
mm. to 0.635 mm.) without intermediate annealing. Fig. 40 is a micro- 
graph X150. 

7-11.^ — The same as 7-1, heated 3 min. at 600° C. Fig. 41 is a micro- 
graph X150 

7-12. — Same as 7-1 annealed for 15 min. at 750° C. in electric furnace. 
Fig. 42 is a micrograph X 150. 



Fig. 40. — I-IO. Armco iron drawn Fig. 41. — I-ll. Armco iron (I-l) 
AT 275® C. from 0.031 in. to 0.025 in. after heating 3 min. at 600® C. 
X 150. X 150. 



Fig. 42. — 1-12. Armco iron (I-l) annealed 15 min. at 750° C. X 150. 

The hot drawing of iron at 400° C. was done with the help of a lead bath 
maintained at the proper temperature. The die was not immersed but 
was just outside the molten lead. The hot drawing of copper and of the 
iron at 275° C. was done in an oil bath. -The dies were immersed in the 
oil. The temperature of the tungsten during drawing was maintained 
by means of a suitable gas burner. The temperature was determined 
from the color of the wire with the help of an optical pyrometer. 
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Details of Tests and Apparatus 

The wires were subjected to tensile tests at temperatures from — 190° C. 
to a maximum of 900°-1000° C. No attempt was made to determine 
the elastic limit but the other tensile properties, namely, tensile strength, 
elongation, and reduction of area, were determined at all temperatures. 

The apparatus used for these tests, shown in Fig. 1, is composed of 
two main parts, the base and the loading mechanism. The base consists 
of two cast-iron disks, a bottom and top that are fastened together by 
three pieces of steel pipe, as shown. The base weighs a little over 100 
lb. (45 kg.) and is placed on a platform scale. The top of the base por- 
tion is provided with a steel tube 0.875 in. (22.225 mm.) outside and 
0.5 in. (12.7 mm.) inside diameter, inside of which the test pieces are 
clamped by the special clamps shown in Fig. 2. The upper clamp is 
connected to the loading mechanism. Additional weights can be set on 
the lower part of the base if necessary. When the load is applied by the 
hand wheel, shown in Fig. 1, the test wire pulls up on the base and the 
amount of its pull is measured on the weighing mechanism of the scale. 
The zero point on the scale is equal to the weight of the base; the scale 
is kept balanced continually during the test until the wire breaks. The 
scale reading at the breaking load of the test specimen is then subtracted 
from the zero reading and the difference gives the breaking load of the 
test specimen. 

This scale arrangement was suggested by Prof. H. W. Hayward, of 
Massachusetts Institute of Technology. A general idea of the type and 
size of apparatus needed for these tests was given by the writer to L. S. 
Twomey of the Cleveland Wire Division of the General Electric Co., 
who designed the base and clamps. 

Liquid-air Tests . — Punch marks 2 in. (50.8 mm.) apart were made 
on all wires and the clamps were set about 2.5 in. apart, leaving about 
0.25 in. between each clamp and the closest punch mark. The test wires 
were locked in the clamps and inserted in position in the machine and a 
1-qt. wide-mouthed thermos bottle of the food-jar type, more than three- 
quarters filled with liquid air, was raised in such a manner that the steel 
tube containing the test wire was immersed in the liquid air. The test 
wire was completely immersed and hence its temperature was that of 
boiling liquid air. The vacuum jar and platform to hold it in position 
during test are shown in Fig. 1. 

As soon as violent boiling ceased, load was applied until the test wire 
broke. The vacuum jar containing the liquid air was then lowered from 
the steel tube and another vessel containing warm water was substituted 
for it. When the temperature had been raised by the water the clamps 
were removed. The elongation of the wire was measured in the usual 
manner. 

Room-temperature Tests . — The room-temperature tests were made 
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with the same apparatus without any bath to maintain constant 
temperature. 

Tests at 100° C. These tests were made in boiling water. An electric 
percolator heater was placed on the platform instead of the vacuum 
jar and a coffee pot was used to hold the water. The test specimen was 
set the same as for the liquid-air experiment but was immersed in boiling 
water. The water was kept boiling vigorously from the beginning to the 
end of any given test. 

Tests at 200° C . — These tests were made in hot crisco. It was found 
that crisco could be heated to 250° C. with very little volatilization; 
one of the chief advantages of crisco is that it is very fluid at the higher 
temperatures. The crisco was heated with the same electric heater 
that was used for the water and in the same coffee pot. The temperature 
during any given test may have varied as much as 3° or 4°. Several 
pounds of crisco, however, were used in the coffee pot, so that temperature 
changes were slow. Immediately after each test piece broke, the tem- 
perature of the crisco was measured with a mercury thermometer and 
recorded. 

Tests Above 200° C . — These tests were made at the laboratories of the 
Cleveland Wire Division of the General Electric Co. A different scale 
and different loading mechanism were used and the base of the apparatus 
was modified so that an electric furnace could be used to obtain the proper 
temperature. This apparatus is shown in Fig. 3. 

A Kron scale with a 30-in. (76.2-cm.) dial graduated in quarter pounds 
but sensitive to less was used. The electric furnace consisted of a 
1 in. (25.4 mm.), inside diameter, alundum tube 12 in. long wound with 
nichrome ribbon enclosed in a gas-tight steel cylinder. Powdered silica 
was used as a heat-insulating medium between the alundum tube and the 
steel cylinder. The gas-tight steel cylinder was provided with a con- 
nection to a tank of compressed argon, so that a neutral atmosphere 
could be maintainea in the furnace at the higher temperatures. Argon 
was selected because hydrogen reacts with the copper oxide in copper 
and modifies its properties at high temperatures and it did not seem 
advisable to risk the effect of nitrogen on iron at these temperatures. 
Argon is known to be inert to all three metals used. 

The electric furnace was so fastened that the load on the wires was 
transmitted to the base portion by the lower end of the furnace. The 
bottom clamp was flanged to fit a seat at the bottom of the furnace 
housing ; the flange was so large that it could not have been drawn through 
the furnace. The upper clamp was small and could go easily through 
the furnace tube. This clamp was fastened to the loading mechanism 
by means of a device, as shown in Fig. 3. As in the other arrangement 
the zero point was the weight of the base of the apparatus (including the 
furnace) and the load required to break the test wire was obtained by 
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subtracting the scale reading at the maximum load of the test wire from 
the scale reading before load had been appHed. 

A Pt.-pt.rh. thermocouple was used to measure the temperature. 
The hot junction was placed in the furnace tube about half way between 
the two clamps, that is, at about the central portion of the test wire. 
The thermocouple was connected with a Wilson-Maeulen galvanometer 
with both millivolt and temperature scales. The temperature of the 
electric furnace could be maintained constant with the help of a wire- 
wound rheostat. An ammeter and voltmeter were in the circuit, as 
shown in Fig. 3. The loading mechanism, clamps, and electric furnace 
were designed by L. S. Twomey. 

In testing a wire, it was first fastened to both top and bottom clamps. 
The top clamp was then fastened to a wire and pulled through the furnace 
tube from the bottom and fastened to the loading mechanism. A hole 
in the top of the base, large enough for the top clamp to pass through, 
also provided a slight clearance for the escape of the argon from the 
electric furnace. When the flange on the bottom clamp engaged its 
seat, additional upward motion of the loading mechanism stressed the 
test wire. There was a cover for the bottom of the furnace tube, which 
could be made gas-tight by means of a gasket joint. When the wire was 
broken during test, the bottom clamp dropped a fraction of an inch and 
rested on this cover. The test wire could easily be removed from the 
furnace without bending. 

Determination of Elongation 

The elongation was determined in the usual manner by making 
punch marks on the wires 2 in. (50.8 mm.) apart and measuring the dis- 
tance between punch marks after the wires had been broken. There 
were comparatively few instances of fractures in the punch marks. 
Where these at times occurred, the results obtained were about the same 
as in the same wires with center breaks. Occasionally the marks were 
made so deep that the wires were weakened at the punch marks; these 
tests were either thrown out or are indicated. It was also observed that 
when the break occurred outside the marks the per cent, elongation 
was but slightly different from that with a center break. This would be 
expected because the diameter of the wires is so small when compared 
to the distance between punch marks (about 1 to 80) that a marked re- 
duction of area would have but little influence on the elongation. 

Determination of Reduction of Area 

\ 

The final diameters, at the point of break were determined with a 
microscope and a micrometer eyepiece. After trying several conditions, 
it was found that best results were obtained with a magnification of about 
25 diameters using direct sunlight for illumination. The reduction of 
area measurements are subject to an error of about 2 per cent. 
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Results of Tests 

The results of the tests are given in Tables 1 to 25, inclusive, and the 
graphs are shown in Figs. 43 to 73, inclusive. 


Table 1. — Mechanical Properties at Various Temperatures of Copper 
Wire (C-1) Drawn Cold Without Intermediate Annealing from 
0.125 to 0.025 In. 


Test Mark 

Temp., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

C-l-a-L 

-190 

80,600 

7.00 

60 0 

These samples tested in liquid 

C-l-b-L 

-190 

80,600 

5.50 

51 5 

air. 

Average . . 


80,600 

6.25 

55 7 


C-l-a-R 

Room 

67,400 

0.75 

69 0 


C-l-b-R 

Room 

67,400 

0 75 

60 0 


Average . . 


67,400 

0 75 

64 5 


C-l-a-100 

100 

61,000 

0 75 

65 0 

Tested in boiling water. 

C-l-b-100 

100 

62,500 

0 75 

69 0 


Average . . 


61,750 

0.75 

67.0 


C-l-a-200 

215 

45,000 

0 00 

69 0 

Tested in hot crisco. 

C-l-b-200 

215 

45,000 

0 35 

72 5 


Average. . 


45,000 

0.17 

70 7 


C-l-a-330 

330 

22,400 

14.00 

' 88 0 

Partly annealed during test. 

C-l-b-330 

330 

36,500 

1.55 

80 0 

Load applied rapidly to avoid 
annealing. Tested in electric 
furnace. 

C-l-a-450 

450 

10,700 

31 25 

41 0 

Broken in about 1 min. Fast 
loading. 

C-l-b-450 

450 

9,700 

25 00 

30 0 

Broken in about 10 min. 
Slow loading. 

C-l-a-600 

600 

8,700 

28 00 

95 6 

1 5 sec. to break. Fast loading. 

C-l-b-600 

600 

5,100 

1 20 00 

18 0 

5 m in. to break. Slow loading. 

i 

C-l-ar-750 

750 

4,600 

20 00 

99 5 

1 0 sec . to break. Fast loading. 

C-l-4)-750 

750 

2,500 

4.70 

5 0 

15 min. to break. Slow loading. 

C-I-a-950 

950 

2,500 

1 17 00 

' 98 0 

5 sec. to break. 

C-l-b-950 

950 

710 

4 70 

' 5 0 

1 min. to break. 

C-l-c-950 

950 

1 i,o:o 

4 70 

11 0 

j 2 min. to break. 
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Table 2. — Mechanical Properties at Various Temperatures of Copper 
Wire (C~2) Drawn Cold from 0.125 to 0.025 In, andthen Annealed at! 50° C, 


Test Mark 

Temp., 

“C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In.. 

Per Cent 

1 

i 

Reduction 
of Area, j 
Per Cent | 

Remarks 

C-2-a-L 

-190 

46,900 

27.50 i 

78 0 

Tested in liquid air. 

C-2-b-L 

-190 

44,800 

24 50 1 

65 0 


Average . . 


45,850 

26 00 

1 

72.0 

i 


C— 2“a“R 

Room 

30,600 

24 00 

76 0 


C-2-b-R 

1 

Room 

31,700 

25 00 1 

76.0 


Average . . 


31,150 

24 50 

76 0 


C-2-a-lOO 

100 

27,500 * 

27 50 

84 0 

Tested in boiling water. 

C-2-b-lOO 

100 

28,500 

22 50 

74 0 


C-2-c-lOO 

100 

28,500 

i 

22 50 

74 0 

1 

Average. . 


28,170 

24.10 

77.0 


C-2-a-200 

206 

22,000 

17 00 

81 0 

Tested in hot crisco. 

C-2-b-200 

215 

23,200 

20 25 

78 0 


Average. 

1 

22,600 

18 70 

79 5 


C-2-a-330 

330 

20,500 

18 75 

48.5 

Tested in electric furnace. 

C-2-b-330 

330 

20,500 

17 10 

47.0 


Average. . 



20,500 

17.90 

47.7 


C-2-a-450 

450 

0,700 

13.50 

24.0 

Loaded slowly. 

C-2-b-450 

450 

10,700 

11.00 

i 47.0 

Loaded slowly. 

C-2^-450 

450 

14,700 

22.00 

1 47.0 

Broken in 10 sec. 

C-2-d-450 

450 

12,700 

17.00 

24.0 

Broken in 2 min. 

C-2-a-600 

600 

8,700 

16.50 

15.0 

Broken in 15 sec. 

C-2-b-600 

600 

6,100 

14.00 

13.0 

Broken in 3 min. 

C-2-a-750 

1 

750 

4,600 

5.50 

j 75 0 

1 Broken in mark in 10 sec. 

C-2-b-750 

750 

3,100 

9.00 

10 0 

j Broken in mark in 3 min. 

1 

C-2-a-950 

1 950 

710 

4.70 

5.0 

Broken in 30 sec. 

C-2-b-950 

! 950 

710 

3.10 

1 3.0 

Broken in 2 min. 

C-lO-a-R* 

1 Room 

38,000 

35 00 

i 


C-lO-b-R 

j Room 

36,000 

35 00 

1 82.0 

i 


* Annealed at lower temperature and hence smaller grain size. 
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Table 3. — Mechanical Properties at Various Temperatures of Copper 
Wire (C-3) Drawn Cold from 0.042 to 0.025 In. 


Test Mark 

Te^p., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

C— 3— a— L 

-190 

77,600 

8.25 

58.0 

Tested in liquid air. 

C-3-b-L 

-190 

77,600 

8.25 

60.0 

Average . . 


77,600 

8 25 

59.0 


C-3-a-R 

Room 

59,200 

1 50 

65 0 


C-3-b-R 

Room 

59,200 

2.30 

67 0 


Average. . 


59,200 

1 90 

66 0 


C-3-a-lOO 

. 100 

55,000 

0.75 

69 0 

Tested in boiling water. 

C-3-b-lOO 

100 

54,000 

0.75 

65 0 


Average. . 


54,500 

0 75 

67 0 


C-3-a-200 

218 

45,000 

0.75 

76 0 

Tested in hot crisco. 

C-3-b-200 

214 

43,000 

1.15 

76 0 1 

1 


Average . . 


44,000 

0.95 

76 0 


C-3-a-330 

330 

41,000 

1.55 

76 0 

Tested in electric furnace. 

C-3-b-330 

330 

40,000 

1 55 

76 0 ; 


Average . 


40,500 

1 55 

1 

76.0 i 

! 


1 

C-3-a-450 

450 

11,200 

17.75 

30 0 1 

Loaded rapidly. 

C-3-b-450 

465 

10,200 

14.90 

18.0 

Loaded slowly. 

C— 3— a— 600 

600 

7,650 

25.00 

51 5 i 

Broken in 10 sec. 

C-3-b-600 

600 

7,150 

12.50 

24 0 

Broken in 2 min. 

C-3-a-750 

750 

4,600 

23.50 

99.5 

Broken in 5 sec. 

C-3-b-750 

750 

3,100 

5.50 1 

24.0 

Broken in 2 min. Broke in 
mark. 

C-3-C-750 

750 

3,100 

12.50 

15.0 

Broken in 3 min. Broke in 
center. 


The interpretation of the results given in Tables 1 to 25, inclusive, has 
for its basis the amorphous theory in strain-hardened metals as developed 
by Beilby^ and in annealed metals as advocated by Bengough® and Rosen- 

* Op. cit. 

® G. D. Bengough: A Study of the Properties of Alloys at High Temperatures. 
Journal^ Institute of Metals (No. 1, 1912) 7, 123-174. 
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Table 4. — Mechanical Properties at Various Temperatures of Copper 
Wire (C-4) Drawn Cold from 0.031 to 0.025 In. 


Test Mark 

Tei^., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

C-4-a-L 

-190 

66,400 

7.85 

69.0 

Tested in liquid air. 

C-4-b-L 

-190 

69,400 

9.00 

60 0 


Average . . 


67,900 

8.40 

64.5 


C— 4— a— R 

Room 

47,000 

2.30 

65 0 


C-4-b-R 

Room 

45,900 

1.95 

67 0 


Average . . 


46,450 

2.12 

66 0 


C-4-a-lOO 

100 

45,000 

2.35 

60 0 

Tested in boiling water. 

C-4-b-lOO 

100 

45,000 

1.55 

72.5 

Average . . 


45,000 

1.90 

66.2 


C-4-a-200 

217 

37,000 

0.75 

65.0 

Tested in hot crisco. 

C-4-b-200 

213 

37,000 

0.75 

72 5 


Average . . 


37,000 

0 75 

68.7 


C-4-a-330 

320 

33,500 

1.55 

76.0 

Tested in electric furnace. 

C-4-b-330 

320 

33,500 

1.55 

76.0 


Average . . 


33,500 

1.55 

76 0 


C-4-a-450 

450 

12,200 

22.00 

41.0 

Loaded rapidly. 

C-4-b-450 

450 

9,700 

11.80 

30.0 

Loaded slowly. 

C-4-a-600 

600 

6,100 

20.00 

30 0 

Broken in 2 min. 

C-4-a-750 

750 

3,600 

12.50 

76.0 

Broken in 1 min. 


hain and Ewen.® Beilby^s amorphous theory in strain-hardened metals 
postulates the generation of amorphous metal at the planes of slip within 
the grains themselves during plastic deformation. That deformation 
takes place by slippage on cleavage and gliding planes within a grain^ has 


® W. Rosenhain and D. Ewen: Intercrystalline Cohesion in Metals. Journal, 
Institute of Metals (No. 2, 1912) 8 , 149-173. 

^ J. A. Ewing and W. Rosenhain : The Crystalline Structure of Metals. Phil. 
Trans. Royal Society of London (1900) A, 193, 353. 

F. Osmond and G. Cartaud: The Crystallography of Iron. Journal^ Iron and 
Steel Institute (No. 3, 19(^) 71, 447. Footnote continued on next page. 
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Table 5, — Mechanical Properties at Various Temperatures of Copper 
Wire (C-5) Drawn at 150® C. from 0.075 to 0.025 In, 


Test Mark 

Temp., 

“ C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

C— 5“a— li 

-190 

77,500 

7.85 

55.0 

Tested in liquid air. 

C-5-b-L 

-190 

74,600 

17.25 

60 0 


C-5-^-L 

-190 

73,500 

14.10 

60 0 


Average . . 


75,500 

13.00 

58.0 


C-5-a-R 

Room 

57,200 

3.90 

76 0 


C-5-b-R 

Room 

56,100 

3.05 

69.0 


Average . . 


56,650 

3.50 

72.5 


C-5-a-lOO 

100 

50,000 

2.35 

76.0 

Tested in boiling water. 

C-5-b-lOO 

100 

50,000 

1.20 

69 0 


Average . . 


50,000 1 

1.75 

72.5 


C-5-a-200 

215 

40,000 

1.55 

82.0 1 

Tested in hot crisco. 

C-5-b-200 

216 

1 

39,000 i 

1.15 

76.0 


Average . . 



39,500 

1.35 

79.0 

i 

! 

C-5-a-330 

1 320 

40,000 ! 

1.55 

i 80.0 

Tested in electric furnace. 

C-5-b-330 

i 320 

1 

40,000 

1.55 

80.0 

Loaded rapidly. 

Average . . 


40,000 

1.55 

80.0 


C-5-a-450 

450 

12,700 

1 33.00 

65.0 

Broken in 30 sec. 

C-5-b-450 

450 i 

9,200 ? 

1 20.25 

30.0 

Broken in 18 min. 

C— 5— a— 600 

600 

5,600 

! 18.75 

' 21.0 

Broken in 2 min. 

C-5-a-750 

! 

! 750 

t 

3,600 

15.00 

51.5 

1 

Broken in 1 min. 


been definitely proved. The amorphous phase of a metal is supposed 
to be harder at low temperatures than the crystalline phase, so the gen- 
eration of more amorphous material by cold working would account for 
the increased hardness that is observed. 


^F. Robin: ‘‘Traitd de M^tallographie, ” 153. Paris, 1912. A. Hermann.et fils. 
Walter Rosenhain: Plastic Yielding of Iron and Steel. Journal, Iron and Steel 
Institute (No. 1, 1904) 66, 349. 

H. M. Howe: Metallography of Steel and Cast Iron.” See particularly pp. 
259-460. New York., 1916. McGraw-Hill Book Co., Inc. 
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Table 6. — Mechanical Properties at Various Temperatures of Copper 
Wire (C-6) Drawn at 150° C. from 0.042 to 0.025 In, 


Teat Mark 

Tei^ , 

Tensile 
Strength, 
Lb. per 
Sq. In, 

Elonga- 
tion in 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

C-6-a-L 

-190 

77,600 

11.00 

67.0 

Tested in liquid air. 

C-6-b-L 

-190 

77,600 

9.35 

67.0 

Average . . 


77,600 

10.20 

67.0 


C— 6— a"“R 

Room 

53,000 

3.05 

69 0 


C— 6— b— R 

Room 

51,100 

1.55 

72.5 


C— 6— c— R 

Room 

52,200 

3 05 

69 0 


Average . 


52,100 

2.55 

70 0 


C-6-a-lOO 

100 

48,000 

1.55 

76.0 

Tested in boiling water. 

C-6-b-lOO 

100 

47,000 

1.55 

76 0 

C-6-c-lOO 

100 

47,000 

2.35 

72.5 


Average 

i 

1 47,330 

1.80 

75.0 


C-6-a-200 

214 

41,000 

1.15 

76.0 

Tested in hot crisco. 

C-6-b-200 

215 

39,000 

1.55 

82 0 


Average . . 


40,000 

1.35 

79.0 


C— 6— a— 330 

320 

40,000 

2.35 

80.0 

Tested in electric furnace. 






Loaded rapidly. 

C-6-a-450 

450 

15,800 

32.00 

88.0 

Broken in 15 sec. 

C-6-b-450 ! 

450 

11,700 

26.50 

41.0 

Broken in 5 min. 

C-6-a-600 

600 

5,600 ' 

16.50 

j 21.0 

Broken m 2 min. 

C-6-a-750 j 

750 

1 

3,100 i 

16 00 

18 0 

Slow loading. 


In the amorphous theory* applied to annealed metals it is assumed 
that a film of amorphous material surrounds each crystalline grain. The 
amorphous phase has properties different from the crystalline and con- 
sequently the properties of a fine-grained annealed metal will be different 
from those of a coarse-grained one. For the purpose of this discussion, 


® It is interesting to note that in 1902, T. W. Richards {Proceedings^ American 
Academy Arts and Sciences, 38, No. 15, 439) suggested that the intercrystalline 
material in ice probably had a different arrangement of the atoms from the crystalline 
phase. 



ZAY JEFFRIES 


495 


Table 7. Mechanical Properties at Various Temperatures of Copper 
Wire (C-7) Drawn at 150° C. from 0.031 to 0.025 In. 


Test Mark 

Temp., 

“C, 

1 Tensile 
! Strength, 

! Lb. per 
j Sq. In. 

Elonga- 
tion in 

2 In.. 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

1 

Remarks 

C-7-C-L 

-190 

j 63,300 

12.50 ' 

69.0 

Tested in liquid air. 

C-7-d-L 

-190 

64,300 

19.50 

65.0 


C-7-e-*L 

-190 

i 64,300 

18.75 

67 0 


C-7-f-L 

j -190 

63,000 

14 75 

60 0 


C-7-g-L 

-190 

! 67,000 

17 50 

65 0 


Average . . 

i 

i 64,400 

16 60 

65 0 


07-a-R 

! 

Room 

46,800 

4 30 

72 5 


C-7-b~R 

Room 

i 46,800 

4 30 

69 0 


Average . 


46,800 

4 30 

70 7 


C5-7-a-100 

100 

41,000 

1 95 

76 0 

Tested in boiling water. 

C-7-b-lOO 

100 

1 42,000 

1 2 35 

i 

65 0 


Average . . 


41,500 

2.10 

70.5 


C-7-a-200 

215 

34,700 

0 75 

76.0 

Tested in hot crisco. 

C-7-b-200 : 

215 

34,700 

1.55 

1 76.0 


Average 


1 34,700 1 

1.15 

76 0 


C-7-a-330 ! 

320 

33,600 

3 90 

72.5 

Tested in electric furnace. 

C-7-b-330 

320 ' 

32,500 

1.55 

69 0 i 

1 

^ Loaded rapidly. 

Average . 


33,000 

2.70 

71.0 


C-7-a-450 

450 

12,700 

13.50 

30.0 i 

1 

j Broken in 3 . 5 min. 

C-7-a-600 1 

600 

6,100 

j 15 00 

18.0 

Broken in 2 min. 

C-7-a-750 

750 

3,600 

20 00 

_ . : 

24 0 

[ Loaded slowly. 


it will be assumed that the amorphous hypothesis as applied to both 
worked and annealed metals is valid. 

The properties of any substance are controlled by: The properties of 
each constituent present, the quantity of each constituent, the arrange- 
ment of the constituents, and the condition of the junctions between the 
physically different constituents. If some condition, like the tempera- 
ture, is changed then the properties of the substance will vary, in adchtion 
to the foregoing, with the changes in properties of the constituents with 
change in temperature or other changed condition. 
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Table 8, — Mechanical Properties al Various TempercUures of Copper 
Wire (C-8) Drawn Cold from 0.125 to 0.025 In. and then Heated 
for 10 Min. to 150° C . . 


Test Mark 

Temp , 

»c. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

C-8-a-L 

-190 

74,500 

9 40 

65 0 

Tested in liquid air. 

C-8-b-L 

-190 

73,500 

7.80 

65 0 


Average . . 


74,000 

8.60 

65.0 


C-8-a-R 

Room 

56,200 

1.55 

69 0 


C-8-b-R 

Room 

55,200 

1.55 

69 0 


Average . . 


55,700 

1.55 

69.0 


C-8-a-lOO 

100 

55,000 

1 55 

69 0 

Tested in boiling water. 

C-8-b-lOO 

100 

56,000 

1.20 

65 0 


C-8-e-lOO 

100 

55,000 

0.75 

65 0 


C-8-d-lOO 

100 

51,000 

0 75 



72.0 


Average . 


54,250 

1.06 

! 68 0 


C-8-a-200 

214 i 

46,000 

0 00 1 

72.5 

Tested in hot crisco. 

C-8-b-200 

211 

1 

1 45,000 

I i 

1 55 

72 5 


Average. . 


45,500 

0.75 

1 72.5 


C“8^~330 

330 

43,000 

1.55 

72.5 

Tested in electric furnace. 

C-8-b-330 

' 330 

40,000 

1.55 

72.5 

Loaded rapidly. 

Average . . 


41,500 

1.55 

72.5 


C-8-a-460 

450 

i 18,300 

29.50 

88.0 

Broken in 10 sec. 

C-8-b-450 

450 

10,700 

15 00 

30 0 

Broken in 10 min. 

C-8-C-450 

450 

11,700 

26.50 

41.0 

Broken in 3 min. 

C-8-a-600 

600 

6,100 

18.75 

24.0 

Broken in 2 min. 

C-8-a-750 

750 1 

4,600 

28.00 

99.5 

Broken in 5 sec. 


The properties at various temperatures of a metallic substance com- 
posed of a single metallographic component are controlled by: (1) 
The properties of the amorphous phase of the metal, (2) the properties of 
the crystalline phase, (3) the quantity of each phase, (4) the arrangement 
of each phase, including junctions of one phase with another, (5) the changes 
in properties of each phase and the changes in quantity and arrangement 
of each phase with change in temperature. 
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Table 9.^ — Mechanical Properties at Various Temperatures of Copper 
Wire {C-%) Drawn at 200® C. from 0.031 to 0.025 In, 


Test Mark 

Temp., 

“C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

C-9-a-L 

-190 

60,000 

14.00 

69.0 

Tested in liquid air. 

C-9-b-L 

-190 

60,000 

13.25 

65.0 


09-C-L 

-190 


15.50 

65.0 


C-9-d-L 

-190 

61,000 

16.25 

60.0 


Average . . 


60,300 

14.75 

65.0 


O—O—a”!! 

Room 

45,000 

4.65 

69.0 


C-9-b-R 

Room 

45,000 

4.65 

72.5 


Average. . 


45,000 

4.65 

71.0 


C-9-a-lOO 

100 

37,000 

1.55 

76.0 

Tested in boiling water. 

C-9-b-lOO 

100 

39,000 

3.15 

65.0 


C~9~c~100 

100 

39,000 

2.35 

69.0 


Average . , 


38,300 

2.35 

1 

70.0 


C— 9— a— 200 

205 

33,500 

3.12 

69.0 

Tested in hot erisco. 

C-9-b-200 

: 205 

34,500 

1 

1 1.95 

72.5 


Average . . 


34,000 

2.55 

j ' 

71.0 


C-9-a-330 

330 

30,500 

2.35 


Tested in electric furnace. 

C-9-b-330 

330 

30,500 

! 1.55 

72.5 

1 

Loaded rapidly. 

Average . . 

i 

30,500 

1 1.90 

72.5 


C-9-a-450 

1 450 

11,200 

! 17.75 

30.0 

Rapid loading. 

C-9-b-450 

450 

10,200 

14.90 

18.0 

Slow loading. 

C-9-a-600 

600 

6,100 

1 15 00 

18.0 

Broken in 2 min. 

C-9-a-750 

750 

5,600 

* 22 50 

98.0 

Broken in 3 sec. 

C-9-b-950 

950 

710 

3.10 

; 5 0 

i Broken in 3 min. 

C-9-b-950 

950 

2,500 

[ 7.80 

11.0 

Broken in 5 sec. 

i 


Quantity and Arrangement of Amorphous Phase 

Little can be said regarding the actual quantities of the amorphous 
and crystalMne phases in single component metals. The general arrange- 
ment and relative quantities of the two phases can be ascertained. In 
general, the quantity of the amorphous phase increases as the grain size 

voii. LX. — 32. 
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Table 10 . — Mechanical Properties at Various Temperatures of Tungsten 
Wire (T-l) Swaged and Drawn Hot from 0.165 to 0.025 In. Tem- 
perature Lowered from 1300° to 1000° During Working 


Test Mark 

Te^p., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 
Per Cent 

— 

j Reduction 

1 of Area, 
j Per Cent 

Remarks 

T-l-a-L 

-190 

163,000 

0 00 

0 00 

Tested in liquid air. 

T-l-c-L 

-190 

177,000 

0 00 

0 00 


Average. . 


170,000 

0 00 

0 00 


T-l-a-R 

Room 

234,000 

3 15 

10 0 


T-l-b-R 

Room 

233,000 

3 15 

18 0 


Average . 


233,500 

3 15 

14.0 


T-l-a-100 

100 

193,000 

5 50 

30 0 

Tested in boiling water. 

T-l-b-100 

100 

193,000 

6.25 

35 0 


Average 


193,000 

5 90 

32 5 


T-l-a-200 

207 

161,000 

4 30 

, 45 0 

Tested in hot crisco. 

T-l-b-200 

203 

1 

163,000 

5 05 

45 0 


Average. . 

1 

1 •••• 

i 

162,000 

4 65 

45 0 


T-l-a-330 

330 

141,000 

3 50 

65 0 * 

Tested in electric furnace. 

T-l-b-330 

330 

145,000 

1 3 50 

, 65 0 


Average . 


143,000 

3 50 

65 0 


T-l-a-460 

460 

132,000 

2.35 

69 0 


T-l-a-600 

i 

1 600 

128,000 

1 55 

69 0 


T-l-b-600 

600 

126,000 

2 35 

69 0 


Average . . 


127,000 

1 90 

69 0 


T-l-a-750 

750 

112,000 

1.55 

72 5 


T-l-a-825 

825 i 

107.000 

1 1 

1 55 

1 76 0 



decreases, as the amount of deformation increases, and as the temperature 
of deformation decreases. 

The amorphous phase in annealed metals is between the grains. As 
the grain size decreases the grain-boundary surface increases and hence 
the quantity of the amorphous phase increases. When a metal is cold 
worked, amorphous metal is generated within the grains at the planes 
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Table 11 . — Mechanical Properties at Various Temperatures of Tungsten 
Wire 0.025 In. Diam. (T-2) Equiaxed 


Test Mark 

Temp., 

“ C. 

Tensile 
Strength, 
Lb. per 

Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

T-2-a-L 

-190 

55,000 

0 00 

0 00 

Tested in liquid air. 

T-2-b-L 

-190 

59,000 1 

0 00 

0 00 


T-2-C-L 

-190 

65,500 

0 00 

0 00 


Average. . 


59,830 

0.00 

0 00 


T-2-a-R 

Room 

173,500 

0 00 

0 00 


T-2-b-R 

Room 

163,000 

0 00 

0 00 


Average. . 


168,250 

0 00 

0 00 


T-2-a-lOO 

100 

148,000 ' 

0.00 

0 00 

Tested in boiling water. 

T-2-b-lOO 

100 

158,000 

0 00 

0.00 


Average. . 


153,000 

0.00 

0 00 


T-2-a-200 

213 

104,000 

2 75 

11.0 

Tested in hot crisco. 

T-2-b-200 

213 

102,000 ’ 

7.75 

11 0 


T-2-C-200 

205 

110.000 : 

15.50 

15.0 


T-2-d-200 

214 

98,000 

9.40 

11.0 


Average . 


103,500 

8 85 1 

12.0 


T-2-b-330 

330 

94,000 

i 

23 50 

49.0 

Tested in electric furnace. 

T-2-C-330 

330 

1 98,000 

1 

20.25 

60 0 

! 

Average . . 


96,000 1 

21.80 

54.5 1 

1 

T-2-a-450 

450 

83,500 1 

12.50 

65.0 


T-2-b-450 

450 

82,500 1 

15.50 

1 

65.0 


Average. . 


' 83,000 

14.00 

65.0 

T-2-a-480 

480 

, 80,000 

12.50 

72.5 

T-2-b-600 

600 

67,500 

20.00 

69.0 

T-2-a-750 

750 

58,000 

12.50 

69.0 

T-2-b-750 

750 

57,000 

14.00 

69.0 

j 

T-2-C-750 

750 

53,000 

22.00 

76.0 

i 

Average. . 


56,000 

16.20 

71.0 


T-2-a-835 

835 

55,000 

20.30 

60.0 


T-2-a-900 

900 

47,000 

7.80 

41.0 




5(K) EFFECT OP TEMPERATURE, ETC. ON PROPERTIES OF METALS 


Table 12 . — Mechanical Properties at Various Temperatures of Tungsten 
Wire (r~3) Drawn at 1000® C. from 0.125 to 0.025 In, 


Test Mark 

Tei^., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

T-3-a-L 

-190 

136,500 

0.00 

0.00 

Tested in liquid air. 

T-3-b-L 

-190 

157,000 

0.00 

0.00 


Average . . 


146,750 

0.00 

0.00 


T-3-a-R 

Room 

232,000 

6.25 

35.0 


T-3-b-R 

Room 

232,000 

6.25 

35.0 


T-3-C-R 

Room 

234,000 

5.85 

35.0 


Average . . 


232,670 

6.10 

35.0 


T-3-a-lOO 

100 

193,000 

7.00 

41.0 

Tested in boiling water. 

T-3-b-lOO 

100 

193,000 

7.00 

41.0 


Average . . 


193,000 

7.00 

41.0 


T-3-a-200 

207 

159,000 

7.40 

45.0 

Tested in hot crisco. 

T-3-b-200 

209 

160,000 

4.70 

56.0 


T-3-C-200 

216 

160,000 

6.25 

51.0 


Average . . 


159,670 

6.10 

50.7 


T-3-a-330 

330 

143,000 

4.25 

65.0 

Tested in electric furnace. 

T-3-b-330 

330 

143,000 

4.25 

65.0 


Average . . 


143,000 

4.25 

65.0 


T-3-a-490 

490 

133,000 

2.75 

, 65.0 


T-3-a-600 

600 

123,000 

2.75 

69.0 


T-3-ar-740 

740 

118,000 

1.55 

69.0 


r-3-a-850 

850 1 

102,000 

1.55 

69.0 


T-3-a-890 

890 

101,000 

1.55 

1 i 

69.0 



of slip. In cold-worked metals, therefore, amorphous metal exists both 
at the grain boundaries and within the deformed grains. 

The quantity of the amorphous phase will lessen when grain growth 
takes place; the quantity seems to be much greater within a severely 
deformed grain than at the grain boundary. A marked change in quan- 
tity and arrangement of amorphous metal, therefore, takes place when a 
cold-worked metal recrystallizes. This will cause the marked change in 
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Table 13.^ — Mechanical Properties at Various Temperatures of Tungsten 
Wire {T-4) Drawn aJt 1000° C. from 0.042 to 0.028 In, 


Test Mark 

Teigp., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

T-4r-a-L 

-190 

76,500 

0 00 

0.00 

Tested in liquid air. 

T-4-b-L 

-190 

101,000 

0.00 

0.00 


T-4-C-L 

-190 

73,500 

0.00 

. 0.00 


Average . . 


83,670 

0 00 

0.00 


T-4-a-R 

Room 

190,000 

0.00 

0.00 


T-4-b-R 

Room 

194,000 

0.00 

0.00 


Average. . 


192,000 

0.00 

0.00 


T-4-a-lOO 

100 

161,000 

1.55 

2.0 

Tested in boiling water. 

T-4-b-lOO 

100 

161,000 

0.75 

2.0 


Average . . 


161,000 

1.10 

2.0 


T-4-a-200 

216 

128,000 

12.50 

53.0 

Tested in hot crisco. 

T-4-b-200 

216 

128,000 

12.50 

53.0 


Average . . 


128,000 

12.50 

53.0 


T-4-a-330 

330 

111,000 

: 6.25 

64.5 

Tested in electric furnace. 

T-4-b-330 

330 

111,000 

5.55 

68.0 


T-4-C-330 

330 

108,000 

4.70 

61.0 


Average . . 


110,000 

5.50 

64.4 


T-4-a-450 

450 

103,000 

3.90 

68.0 

1 


T-4-a-650 

650 

94,000 

3.10 

68.0 . 


T-4-a-750 

750 

85,000 

2.35 

68.0 



properties observed between cold-worked and annealed metals at any 
given temperature. 


Properties of Amorphous and Crystalline Phases 
It has generally been assumed that the amorphous phase of a metal 
is weaker than the crystalline phase at higher temperatures but stronger 
at low temperatures. If this is true, there must be some temperature 
at which the strength or cohesion of the two phases is equal. The author 
has demonstrated this experimentally.® It has been found that the 

•The Amorphous Metal Hypothesis and Equi-Cohesive Temperatures. Journal, 
American Institute of Metals (1917) 11, 390-324. 
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Table 14 . — Special Tests on Brittle Equiaxed Tungsten (T-2) Wire 


Test Mark 

Breaking 
Load, Lb. 
per Sq. In. 

Remarks 

T-2-a-S 

120,000 

Stressed to 101,000 lb. per sq. in. at room tempera- 
ture and then immersed under stress in liquid air 
and broken. 

T-2-b-S 

177,000 

Stressed to 137,000 lb. per sq. in. at room tempera- 
ture and then immersed under stress in liquid air 
and broken. 

T-2-C-S 

73,500 

Stressed to 8000 lb. per sq. in. at room temperature 
and immersed while under stress in liquid air and 
broken. 

T-2-d-S 

177,000 

Stressed to 151,000 lb. per sq in. at room tempera- 
ture and immersed while under stress in liquid air 
and broken. 

T-2-e-S 

60,000 

Not stressed at room temperature. Tested in liquid 
air in usual way. 


amorphous and crystalline phases have the same cohesion at a tempera- 
ture corresponding very nearly to the lowest recrystallization tempera- 
ture of the particular metal after severe cold working. I have called 
this the equi-cohesive temperature. Above the equi-cohesive tempera- 
ture, the amorphous phase has less cohesion, and below, greater cohesion 
than the crystalline phase. The cohesion in each case is measured by 
the load that will cause permanent deformation; any load that will 
permanently deform the amorphous phase will eventually break it if 
time is given, because no new stronger phase is formed by the deforma- 
tion and a load that permanently deforms the crystalline phase changes 
its cohesion. 

Wires of tungsten, iron, gold, silver, and platinum were prepared in 
both the coarse- and fine-grained states. These were tested by shaping 
into the form of hair pins and clamping the two ends in such a manner that 
they served as the fulcrum of the cantilever. Weights were hung on 
the loop ends of the hair pins and the history of deformation with change 
in temperature was obtained. 

It was found that the metals in the fine-grained state offered the 
greater resistance to deformation at low temperatures and that at high 
temperatures they offered less resistance to deformation than the metals 
in the coarse-grained state. At an intermediate temperature for each 
metal, the resistance to deformation (cohesion) was independent of 
grain size. Since a variation in the quantity of the amorphous phase 
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Table 15,— Mechanical Properties at Various Temperatures of Armco 
Iron Wire (/~1) Drawn Cold from 0.120 to 0.025 In, 


Test Mark 

Temp., 

“C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

I-l-b-L 

i -190 

166,500 

1 95 

51 0 

Tested in liquid air. 

I-l-c~L 

-190 

164,300 

1 55 

41.0 


Average . 


165,400 

1 75 

46 0 


I-l-a-R 

Room 

97,500 

1.50 

60 0 


I-l-b-E 

Room 

96,000 

0.80 

72.0 


I— 1— c— R 

Room 

95,000 

1 50 


69.0 


Average . . 


96,170 

1.30 

67 0 


I-l-a-lOO 

100 

95,000 

0.00 

69 0 

Tested in boiling water. 

I-l-b-lOO 

100 


0 35 

72.5 


I-l-c-lOO 

100 

86,500 




I-l-d-100 

100 

97,000 




Average . 


92,800 

0.20 

70 7 


I-l-a-200 

207 

90,000 

1.55 

65 0 

Tested in hot crisco. 

I-l-b-200 

205 

90,000 

0.75 

65 0 


Average . 



90,000 

1 15 

65 0 


I-l-a-330 

330 

80,000 

1 55 

51 5 

Tested in electric furnace. 

I-l-b-330 

330 

80,000 

2 35 

60 0 


Average . 


80,000 

1 95 

55 5 


I-l-a-450 

450 

51,000 

5.50 

72 5 


I-l-b-450 

455 

i 

50,000 

3 90 

72 5 


Average . 


50,500 

4.70 

72 5 


I-l-a-575 

575 ; 

18,000 

22.00 

82.5 

Annealed during test. 



26,000 




I-l-b-575 

j 550 

to 

11.00 

88.0 

Annealed during test. 



16,000 




I-l-c-500 

500 

41,000 

j 7.00 

76.0 


I-l-a-690 

690 

6,400 




i 51.0 


I-l-a-735 

735 

5,100 




51.0 

Alpha iron. 

I-l-a-850 

850 

2,550 




61.0 

Beta iron. 

I-l-b-850 

i 850 

2,040 


O 


69.0 


I-l-a-940 

940 

2,550 




41.0 

Gamma iron. 

T-l-b-940 

940 

2,860 




41.0 


I-l-c-960 

960 

4,100 

5.00 

i 
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Table 16. — Mechanical Properties ai Various Temperatures of Armco 
Iron Wire {1-2) 0.025 In. Diam. Annealed at 800® C. 


Trat Mark 

Temp., 

®C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elon^- 
tion m 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

I-a-b-L 

-190 

108,100 

1.55 

50.0 

Tested in liquid air. 

I-a-c-L 

-190 

114,000 

0.75 

0.0 


I-2-d-L 

-190 

112,000 

0.75 

4.0 


I-2-e-L 

-190 

104,000 

0.75 

14.0 


Average. . 


109,500 

0.96 

17.0 


I-2-a-R 

Room 

49,000 

12.50 

79 0 


I-2-b-R 

Room 

48,100 

12.50 

72.5 


Average. . 


48,550 

12.50 

75.7 


I-2-a-lOO 

100 

52,000 

7.00 

72.5 

Tested in boiling water. 

I-2-b-lOO 

100 

52,000 

6.25 

76.0 


I-2-C-100 

100 

50,000 

4.70 

65.0 


I-2-d-lOO 

100 

51,000 

4.70 



Average. . 


51,250 

5.66 

71.0 


I-2-a-200 

206 

61,000 

10.10 

69.0 

Tested in hot crisco. 

I-2-b-200 

207 

60,000 

11.50 

51 0 


I-2-C-200 

211 

57,000 

10.50 

56.0 


Average . . 


59,330 

10.50 

59.0 


I-2-a-330 1 

330 

52,000 

11.00 

55.0 

Tested in electric furnace. 

I-2-b-330 

330 

52,000 

11.00 

51.0 


Average. . 


52,000 

11.00 

53.0 


I-2-a-450 

i 450 

26,500 

24.00 

69.0 


I-2-b-450 

460 

27,500 

36.00 

55.0 


Average . . 


27,000 

30.00 

62.0 


I-2-a^575 

675 

14,000 

17.00 

41.0 


I-2-b-575 

575 

14,000 

22.00 

60.0 


Average. . j 

1 


14,000 

19.50 

50.5 

1 



did not vary the cohesion, I assume that the cohesion of the amorphous 
and crystalline phases must be the same at what I have called the equi- 
cohesive temperature. 

It is not to be understood that the mechanical properties of a metal 
are independent of grain size at the equi-cohesive temperature, because 
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Table 17 . — Mechanical Properties at Various Temperatures of Armco 
Iron Wire (7-3) Drawn Cold from 0.042 to 0.025 In. 


Test Mark 

Temp., 

“C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion m 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarke 

I-3-b-L 

-190 

146,800 

1.55 

60.0 

Tested in liquid air. 

I-3-C-L 

-190 

145,800 

1.55 

51.0 


Average . . 


146,300 

1.55 

56.0 


I-3-a-R 

Room 

89,000 

1.50 

72.5 


I-3-b-R 

Room 

86,800 

1.10 

69 0 


I-3-€-R 

Room 

84,800 

4.65 

69.0 


I-3-d-R 

Room 

84,000 

3.10 

69 0 


I-3-e-R 

Room 

84,000 

2.75 

72.5 


Average . 


85,720 

2.60 

70.0 


I— 3— a— 100 

100 

72,500 

2.35 

69.0 

Tested in boiling water. 

I-3-b-lOO 

100 

74,500 

2.35 

69.0 


I-3-C-100 

100 

81,500 

2.35 

69.0 


I-3-d-lOO 

100 

83,500 

1.55 

72.5 


Average . 


78,000 

2.15 

70.0 


I-3-a-200 i 

213 

82,500 

1.55 

72.5 

Tested in hot crisco. 

I-3-b-200 

214 

80,500 

1.55 

69.0 


Average . . 


81,500 

1.55 

71.0 


I-3-a-330 1 

330 

75,000 

5.50 

69.0 

Tested in electric furnace. 

I-3-b-330 1 

330 

75,000 

9.00 

65.0 


I-3-C-330 j 

330 

77,500 

7.80 

69.0 


Average . . j 


75,800 

7.40 

68.0 


I-3-a-450 

450 

47,000 

7.00 

76.0 


I-3-b-450 

450 

47,000 

5.50 

76.0 


Average. . 


47,000 

6.25 

76.0 


I-3-a-500 

500 

41,000 

7.80 

76.0 


I-3-a-575 ! 

575 

21,000 

11.70 

80.0 

Annealed during test. 


nothing could be farther from the truth. The tensile strength, elonga- 
tion, and reduction of area vary in a remarkable manner at and near the 
equi-cohesive temperature with variation in grain size. This variation 
is caused partly by the variations in quantity and arrangement of the 
amorphous pbas§ dw to differences in grain size and partly by the fact 
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Table 18 . — Mechanical Properties at Various Temperatures of Armco 
Iron Wire (/“-4) Drawn Cold from 0.031 to 0.025 In, Diam, 


Tast Mark 

Temp., 

“C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

I-4-a-L 

-190 

146,800 

1.15 

4.0 

Tested in liquid air. 

I-4-b-L 

-190 

142,700 

1.55 

0 0 


Average . . 


144,750 

1.35 

2 0 


I-4-a-R 

Room 

69,500 

4 30 

51.0 


I-4-b-R 

Room 

70,400 

2.75 

55 0 


Average. . 


69,950 

3.50 

53.0 


I-4-a-lOO 

100 

68,500 

2 35 

65.0 

Tested in boiling water. 

I-4-b-lOO 

100 

73,500 

2 35 

60 0 


Average. . 


71,000 

2 35 

62 5 


I-4-a-200 

215 

72,500 

1 55 

69 0 

Tested in hot crisco. 

I-4-b-200 

213 

72,500 

1.15 

1 


Average. . 

1 

72,500 

1 35 

69 0 


I-4-a-330 

330 

73,500 ! 

4.70 

60.0 j 

Tested in electric furnace. 

I-4-b-330 

i 

330 

67,500 

5.50 

51 5 ; 


1 

Average . . 


70,500 

5.10 

55 7 


I-4-a-450 

445 

39,000 i 

7.80 

72.5 


I-4-b-450 

450 

39,000 ! 

7.00 

72 5 1 

i 


Average. . 


39,000 

1 

7.40 

72.5 


I-4-a-500 

500 

33,000 

4.70 

41.0 

i 


I-4-a-545 

545 

27,000 i 

] 

7.80 

41.0 


I-4-a-575 

j 575 

21,000 

7.80 

41 0 

Annealed during test. 


that the amorphous phase deforms at a very much slower rate under 
given conditions than the crystalline grains.^® Also the directional 
properties of the grains are less manifest as the grain size decreases. 
The difference in rate of deformation of the amorphous metal and 


The deformation of the crystalline grains is assumed to take place by movement 
at slip planes and not by actual permanent change of each atom with reference to its 
neighbors. 
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Table 19 . — Mechanical Properties at Various Temperatures of Armco 
Iron Wire ( 7 - 5 ) Drawn at 400 ° C. from 0.075 to 0.025 In. Diam. 


Test Mark 

Teinp., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

1 

I— 5— a— L 

-190 

157,100 

0 75 

65 0 

Tested in liquid air. 

I-5-b-L 

-190 

153,000 

1 55 

51 0 


Average 


155,050 

1.15 

58 0 


I-5-a-R 

Room 

96,000 

1 95 

60 0 


I-5-b-R 

Room 

98,000 


60 0 


I-5-C-R 

Room 

100,000 

2 35 

60 0 


Average 


98,000 

2 15 

60 0 


I-5-a-lOO 

100 

93,000 

2 35 

60 0 

Tested in boiling water. 

I-5-b-lOO 

100 

99,000 

1 15 

60 0 


I-5-C-100 

100 

97,000 

0 75 

60 0 


Average, . 



96,330 

1.40 

60 0 


I-5-a-200 

214 

101,000 

1 15 

51.5 

Tested in hot crisco. 

I-5-b-200 

213 

99,000 

1.15 

60 0 


Average . 


100,000 

1.15 

56 0 


I-5-a-330 

330 

88,000 

4.70 

51 5 

Tested in electric furnace. 

I-5-b-330 

330 ; 

90,000 1 

4 70 

60 0 


Average 


89,000 

4 70 

56 0 


I-5-a-450 

450 

59,000 

3 10 

69 0 


I-5-b-450 

450 

58,000 

3 90 

69 0 


Average . 


58,500 

3 50 

69.0 


I-5-a-500 

500 

48,000 

3 90 

76 0 


I-5-b-500 

500 

50,000 

! 4.70 

76 0 


Average 


49,000 

4 30 

76 0 


I-5-a-575 

575 

1 28,000 to 

18 00 

80 0 

Annealed during test. 



18,000 



Slow loading. 

I-5-b-575 

575 

1 20,000 

7 80 



I-5-C-575 

575 

27,000 

i 11.70 

76 0 

Rapid loading. 

I-5-a-650 

650 

, 11,200 

i 38 00 

69 0 

1 Broken in 10 sec. 

I-5-b-650 

650 

1 7,100 

29 00 

41.0 

^ Broken in 7 min. 

I-5-a-725 

725 

7,100 

32.00 

56.0 

1 Broken in 10 sec. 

I-5-b-725 

725 

4,600 

18 50 

36 0 

1 Broken in 5 min. 

I-5-a-835 

835 

! 4,100 

43.50 

65.0 

Broken in 10 sec. 

I-5-b-835 

835 ' 

■ 2,550 

23 50 

41.0 

Slow loading. 

I-5-a-950 

950 

5,100 

9.00 

30 0 

Fast loading. 

I-5-a-lOOO 

1000 

3,100 

7.50 

35.0 . 

Slow loading. 
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Table 20 . — Mechanical Properties at Variotts Temperatures of Armco Iron 
Wire (/-6) Drawn ai 400° C. from 0.042 to 0.025 In. Diam. 


Test Mark 

Temp., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

I— 6— a— L i 

-190 

135,500 

0.35 

10.0 

Tested in liquid air. 

I— 6~b— L 

-190 

143,000 

0.75 



Average. . 


139,250 

0.55 

10.0 


I“6— a~R 

Room 

88,800 

1.55 

30.0 


I-6-b-R 

Room 

100,000 

1.55 

51.0 


I-6-C-R 

Room 

92,000 

0.75 

23.0 


Average. . 


93,600 

1.30 

33.0 


I-6-a-lOO 

100 

90,000 

0.75 

41.0 

Tested in boiling water. 

I-6-b-lOO 

100 

86,500 

1.15 

41.0 


Average. . 


88,250 

0.90 

41.0 


I-6-a-200 

215 

86,500 

0.75 

51.0 

Tested in hot crisco. 

I-6-b-200 

214 

97,000 

1.55 

60 0 


I-6-C-200 

211 

! 91,000 

0.75 

1 41.0 


Average. . 


91,500 

1.00 

51.0 


I-6-a-330 

330 

81,500 

4.70 

41.0 

Tested in electric furnace. 

I-6-b-330 

330 

77,500 

9.00 

60.0 


I-6-C-330 

330 

79,500 

3.10 

, 45.0 


Average. . 


79,500 

5.60 

i 49.0 


I-e-a-450 

450 

! 47,000 

3.10 

55.0 


I-6-b-450 

450 

! 43,000 

6.25 

; 76 0 


I-6-C-450 

450 

1 48,000 

7.00 

; 76.0 


Average. . 


46,000 

5.45 

69 0 


I-6-a-575 

575 

14,000 

23.50 

' 69.0 

i Annealed during test. 

I-b-b-575 

575 

16,000 

10.00 

60.0 

Annealed during test. 

Average . . 


15,000 

16.75 

! 64.5 



crystalline grains is shown strikingly by hardness tests on lead and tin 
at room temperature, which is above the equi-cohesive temperatures of 
both of these metals. A piece of cast lead was cut in two and half of it 
was flattened by cold hammering. Recrystallization of the cold-ham- 
mered lead took place at room temperature; the large grains that com- 
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Table 21. — Mechanical Properties at Various Temperatures of Armco 
Iron Wire (1-7) Drawn at 400 ° C. from 0.031 to 0.025 In, Diam, 


Test Mark 

Temp., 

“C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

I-7-a-L 

-190 

135,000 

0 35* 

15.0 

Tested in liquid air. 

I-7-b-L 

-190 

133,500 

0.00 

45.0 


Average . . 


134,250 

0.20 

30.0 


I-7-a-R 

Room 

74,500 

3.85 

60 0 


I-7-b-R 

Room 

74,500 

6.25 

65.0 


I-7-C-R 

lloom 

70,400 

4.70 

51 0 


Average . . 


73,100 

4.90 

59.0 


I-7-a-lOO 

100 

78,500 

0 75 

60.0 

Tested in boiling water. 

I-7-b-lOO 

100 

83,500 

0.35 

60.0 


Average . . 


81,000 

0 55 

60.0 


I-7-a-200 

208 

74,000 

0 75 

51 5 

Tested in hot crisco. 

I-7-b-200 

203 

75,000 

0.75 

60 0 


Average . . 


74,500 

0.75 

56 0 


I-7-b-330 

330 

74,500 

2.35 I 

45.0 

Tested in electric furnace. 

I-7-C-330 

330 

74,500 

3.10 , 

51 0 


Average. . 


74,500 

2.75 

48 0 


I-7-a-450 1 

450 

45,000 

7.80 

1 76 0 


I-7-b-450 

450 

45,000 

7.80 

; 76.0 


Average. . 


45,000 

7.80 

76.0 


I-7-a-575 

575 

22,000 

6.25 

^ 51.0 


I-7-b-575 

575 

22,000 

7.50 

41.0 


Average . . 


22,000 

6.90 

46.0 


I-7-a-725 

725 

7,100 

22.50 

55.0 

Broken in 10 sec. 

I-7-b-725 

725 

4,600 

15.50 

; 24.0 

Broken in 5 min. 

I-7-a-835 

835 

4,100 

19.00 

; 51.0 

Started loading slow and fin- 





ished fast. 

I-7-b-835 

835 

2,550 

20.00 

30.0 

Loaded slowly. 

I-7-a-950 

950 

3,250 

6.25 

6.0 

Loaded slowly. 

l-7-b-950 

950 

5,100 

10.00 

18.0 

Loaded rapidly. 
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Table 22. — Mechanical Properties at Various Temperatures of Armco Iron 
Wire (1-8) Drawn Cold from 0.120 In. to 0.025 In. Diam. 
and then Heated 10 Min. to 400° C. 


Test Mark 

Temp., 

“C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

I-8-a-L 

-190 

137,000 

2.75 

1 

1 64.0 

Tested in liquid air. 

I-8-b-L 

-190 

137,000 

3.10 

1 64.0 


Average. . 


137,000 

2.90 

64.0 


I— 8~a“-R 

Room 

70,400 

3 95 ' 

75.0 


I-8-b-R 

Room 

70,400 

4 70 

69.0 

1 

Average . 


70,400 

4.30 ! 

72 0 


I~8— a— 100 

100 

69,500 

3.90 

72.0 

Tested in boiling water. 

I-8-b-lOO 

100 

69,500 

1 

1.55 

76.0 


Average. . 


69,500 

2 70 

! 

74.0 


I-8-a-200 

210 

74,000 

1.95 

69.0 

Tested in hot crisco. 

I-8-b-200 

210 

i 74,000 

i 

! 2 35 

69.0 

1 

1 

Average. . 


74,000 

2.15 

69.0 


I-8-a-330 

330 

66,500 

20.30 

72.5 

Tested in electric furnace. 

I-8-b-330 

330 

66,500 

17.10 

65.0 


I-8-C-330 

320 

69,500 

12.50 



Average. . 

1 

67,500 

i 16.60 

1 69.0 


I-8-a-450 

450 

44,000 

4.70 

82.0 


I-8-b-450 

450 ' 

1 43,000 

6.25 

76.0 

- 

I-8-C-460 

450 

45,000 

5.50 



Average. . 


44,000 

5 50 

79.0 


I-8-a-575 

575 ! 

15,000 

28.00 

82.5 

Annealed during test. 

I-8-b-575 

575 

15,000 

30 00 

82.5 

Annealed during test. 

Average. . 


15,000 

29 00 

82.5 



posed the cast metal were broken up into small equiaxed grains. In 
determining the BrinelL hardness of the coarse-grained and fine-grained 
lead, it was found that both would deform under constant load for a 
considerable time. The hardness of the cast lead immediately after 
the beam of the Brinell machine first registered the full load was 5.44, 
while that of the cold-hammered lead under the same conditions was 
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Table 23. — Mechanical Properties at Various Temperatures of Armco 
Iron Wire (1-9) Drawn at 275° C. From 0.042 In. to 0.025 In. Diam. 


Test Mark 

Temp., 

“C. 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

I-9~a-L 

-190 

168,000 


30 0 

Tested in liquid air. 

I-9-b-L 

-190 

167,000 


30.0 


Average . . 


167,500 


30 0 


I— 9— a— R 

Room 

106,000 

1.55 

69.0 


I-9-b-R 

Room 

116,000 

1 55 

65 0 


Average . . 


111,000 

1.55 

67 0 


l-9-a-lOO 

100 

107,000 

2 35 

69 0 

Tested in boiling water. 

I-&-b-100 

100 

107,000 

1.95 

72 5 


Average. . 


107,000 

2 10 

71.0 


I-9-a-200 

215 

114,000 

1.55 

69.0 

Tested in hot crisco 

I-9-b-200 

208 

! 

115,000 

1.55 

60 0 

. 

Average . 


114,500 

1.55 1 

1 

64.5 1 


I-9-a-330 

330 i 

106,000 

1 

4 70 1 

51.0 

Tested in electric furnace. 

I-^b-330 

330 1 

99,000 

3 90 

51.0 


I-9-C-330 

330 

101,000 

4.70 

60.0 

1 


Average . 


102,000 

4.40 I 

! 

54.0 

i 

I-9-a-450 

450 

60,000 

4.70 

51 0 


I-9-b-450 

450 

60,000 

4 70 

, 69.0 


Average. . 


60,000 

4.70 

j 

1 

60.0 


l-9-a-575 

575 

14,000 

: 36.50 

76.0 

1 Annealed during test. 

I-9-b-575 

575 

13,700 

1 38 00 

! 

76 0 

1 

Annealed during test. 

1 


6.54. When the load was maintained constant until substantially no 
further deformation took place, the hardness of the cast lead was 5.10 
and that of the cold-hammered lead 4.66. The cold-hammered lead had 
deformed more slowly but eventually its equilibrium amount of deforma- 
tion was greater than that of the coarse-grained or cast lead. The 
same was true of the tin and the differences were even more marked. 
The hardness of cast tin when the load was first registered was 9.12 
and that of the cold-hammered tin (which had also recrystallized at 
room temperature) was 11.32. When the hardness tests were continued 
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Table 24. — Mechanical Properties cU Varioiis Temperatures of Armco 
Iron Wire (/-lO) Drawn at 275® C. From 0.031 In. to 0.025 In. Diam. 


T^t Mark 

Te^)., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

* Remarks 

I-lO-a-L 

-190 

166,000 

0.35 

0.0 

Tested in liquid air. 

I-lO-b-L 

-190 

164,000 


4.0 


Average. . 


165,000 

0.35 

2.0 


I-lO-a-R 

Room 

96,000 

1.55 

55.0 


I-lO-b-R 

Room 

100,000 

1.55 

65.0 


Average . 


98,000 

1.55 

60 0 


I-lO-a-100 

100 

104,000 

0.75 

51.5 

Tested in boiling water. 

I-lO-b-100 

100 

105,000 

0.75 

60 0 


Average . . 


104,500 

0.75 

56.0 


I-lO-a-200 

210 

101,000 

0.75 

60.0 

Tested in hot crisco. 

I-lO-b-200 

206 

1 

99,000 

0.75 

51 5 


Average . . 

1 

100,000 

0.75 

56.0 


I-lO-a-330 

[ 

330 

95,000 

1 3.12 

51.5 

Tested in electric furnace. 

I-lO-b-330 

330 

1 95,000 

2.35 

60.0 


Average . . 


95^00 

2.75 

56.0 


I-lO-a-450 

450 

51,000 

5.50 

55.0 

1 

I-lO-b-450 

450 

51,000 1 

1 

5.50 

69 0 


Average . . 

1 

51,000 1 

! 5.50 

i 

62.0 

( 

l-lO-a-575 

575 

17,000 

17.00 

69.0 

Partly annealed during test. 

I-lO-b-575 

575 

15,000 

27.00 

69.0 

j Partly annealed during test. 

Average . . 


16,000 

22.00 

69.0 



under constant load to no further deformation, the cast, or coarse-grained, 
tin had a hardness of 7.3 and the hammered, or fine-grained, tin, 4.72. 

This viscosity is typical of amorphous materials. The amorphous 
phase deforms slowly because the deformation has to be transmitted 
from atom to atom. Any change in shape, in general, will involve the 
change of position of every atom relative to every other atom in the 
deformed region. This is not true in the deformation of crystalline mate- 
rial. Blocks of the crystalline material consisting of milHons of atoms 
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Table 25 . — Mechanical Properties at Various Temperatures of Armco 
Iron Wire (/~ 12 ) 0.025 In. Diam. Annealed at 760 ° C. 


Test Mark 

Teinp., 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In., 
Per Cent. 

Reduction 
of Area, 
Per Cent. 

Remarks 

I-12-a-L 

-190 

104,000 

13.30 

56.0 

Tested in liquid air. 

I-12-b-L 

-190 

106,000 

6.20 

61.0 


I-12-C-L 

-190 

106,000 

17.00 

56.0 


I-12-d-L 

-190 

106,000 

10.50 

69.0 


Average . . 


105,500 

11.75 

62.0 


I-12-a-R 

Room 

47,000 

18.00 

78.0 


I-12-b-R 

Room 

48,000 

23.50 

78.0 


I-12-C-R 

Room 

49,000 

26.50 

78.0 


I-12-d~R 

Room 

48,000 

25.00 

78.0 


I~12-e-R 

Room 

48,500 

24.50 

80.0 


Average. . 


48,200 

23.70 

78.5 


I-12-a-lOO 

100 

50,500 

10.20 

82 0 

Tested in boiling water. 

I-12-b-lOO 

100 

48,500 

10.20 

81.0 


I-12-C-100 

100 

49,500 

7.50 

80 0 


Average. . 


49,500 

8.40 

81.0 


I-12-a“200 

220 

60,500 

13.25 

79.0 

Tested in hot crisco. 

I-12-b-200 

220 

62,500 

14.00 

79.0 


Average. . 


61,300 

13.60 

79 0 


I-12-a-330 

330 

57,500 

17.20 

63 0 

Tested in electric furnace. 

I-12-b-330 

330 

55,500 

17.20 

63.0 


Average . . 


56,500 

17.20 

63.0 

1 

I-12-a-450 

450 

30,000 

35.00 

72.0 


I-12-b-450 

455 

29,000 

36.75 

72.0 


Average . . 


29,500 

35.90 

72.0 


I-12-a-575 

575 

13,000 

19.50 

53.0 

Short heating. Clamps not up 
to temperature of furnace. 

I-12-b-575 

575 

14,000 

32.00 

53.0 


I-12-a-735 

735 

4,200 

29.00 

40.0 


I-12-a-840 

840 

2,400 

1 

i 




VOL, LX. — 33 . 
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move by displacement along cleavage or gliding planes and the atoms 
within one such block or fragment remain at the end of deformation in 
about the same positions, relative to one another, as they had before 
deformation. The atoms within one fragment, however, have changed 



Absolute Tempexature 

Fig. 43. — Tensile strength of annealed copper wire 0.025 in. diam. with 

VARIATIONS IN TEMPERATURE, GRAIN SIZE AND RATE OF LOADING. 



0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 


Absolute Temperature 


Fig. 44. — Per cent, elongation in 2 in. of annealed copper wire of 
0.025 in. diam. with variations in temperature, grain size and rate of 
loading. 


their positions with reference to atoms of another fragment. The 
movement of these relatively large blocks of atoms would take place 
much more rapidly than a movement in which each atom had to move 
relative to each other atom. 

The quantity of deformation possible in an amorphous substance at 
relatively high temperatures should have only atomic dimensions as its 
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limit. The amount of deformation by tension has a definite limit but 
varies with the temperature and rate of loading. We are all familiar 
with the permanent deformation of glass tubes and rods that have been 
stored for months in a bent position; the bends become permanent in 
time. If an attempt is made to permanently deform the glass the same 
amount in a few seconds or even in a few hours, it will break. At high 
temperatures glass deforms more with rapid than with slow loading. 
When glass is in its soft-temperature range, hairs’’ so small as to be 
scarcely visible to the naked eye can be produced by partly disengaging 



Fig. 45. — Reduction of area of annealed copper wire 0.025 in. diam. with 

VARIATIONS IN TEMPERATURE, GRAIN SIZE AND RATE OF LOADING. 

one part from the main mass and removing it very rapidly. This ex- 
treme deformation of red-hot glass is largely due to the increase in strength 
of the small “hair” because of its lowered temperature. The main mass 
of the glass remains hot, and hence weak, and is drawn into a fine “hair” 
by the cooler glass thread. But glass broken at red heat at constant 
temperature deforms more by rapid than by slow loading. The same 
is true of sealing wax and pitch. 

A few simple experiments with an amorphous material like celluloid 
illustrate the sluggish motion of the atoms with respect to permanent 
change in position. A celluloid strip was bent through an angle of 180® 
and released quickly; it returned to about its original position. It was 
bent 180® again and held there 1 hr. When it was released it sprang 
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quickly to within 20° of the original position and then changed slowly 
during several hours, after which the permanent deformation was about 
10°. The greater part of the latter change occurs during the first 10 



Fig. 46. — Tensile strength of cold-drawn copper wires 0.025 in. diam. at 

TEMPERATURE BELOW THAT OF ANNEALING. 



0 100 200 300 400 500 600 700 800 900 

Absolute Temperature 

Fig. 47. — Tensile strength below annealing temperature of copper wires 
0.025 IN. diam. Drawn at 150° C. 

min. after releasing. Now if the strip is bent 180°, held 1 hr. and released 
and immediately bent 180° in the opposite direction and released, it 
springs, within 5 sec., to a position about 15° on the side of first bending 
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and then gradually moves in the direction of the second rapid bending 
until it assumes the equilibrium position (10°) after 1 hr. or more. 

Similarly, when rubber is stretched quickly and released, there is 
little permanent stretch; but when it is stretched the same amount and 


100 000 


• 80 000 


60 OCO 


CO 40 000 


20 000 


Legends 0“*C-8— 98^ Redaction by drawing cold and 
then heated 10 minutes at 150°C. 
X*=C-9 — 32J{ Redaction by drawhig at 200°C. 

B 

Note: 

These wires anneal quickly above 600°K. 

See Fig. 43 for characteristics of annealed copper 
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Fig, 48. — Tensile strength below annealing temperature op copper wires 

0.025 IN. DIAM. 
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Fig. 49. — Per cent, elongation below annealing temperature of^cold-drawn 
COPPER wires 0.025 IN. DIAM. 

held in tension for an extended period, considerable elongation, say 
10 per cent., is noted when the tension is removed. Immediately after 
releasing the tension, however, the rubber begins to contract toward its 
original length and at the end of 30 min. the permanent stretch may 
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Fig. 50. — Per cent, elongation below annealing temperature of copper 
WIRES 0.025 IN. DIAM. DrAWN AT 150° C. 
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Legend: o*“C-8 = 985S Reduction in drawing and^ 

then heated 10 minutes at 150 C. 

X = 0-9 = 32^ Reduction by drawing at 209 °C. 









Note: 

These wires anneal quickly above 000° K. See 

Fig 44 for characteristics of annealed copper. 
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have been reduced to, say, 5 per cent. Also, the rubber can hold for a short 
period a load that will break it in a longer time. Its cohesion, therefore, 
depends on the time of application of the load that measures it. This is 
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Fig. 52. — Per cent, reduction of area of copper wires 0.025 in. diam. below 

ANNEALING TEMPERATURE. 



Absolute Temperature 

Fig. 53. — Per cent, reduction of area below annealing temperature of 
COPPER WIRES 0.025 in. diam. 


typical of amorphous substances. All of the foregoing peculiarities 
should be kept in mind for the interpretation of the effect of the amor- 
phous phase on the physical properties of metals. 
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It is not SO much the quantity of deformation in the amorphous 
phase itself in metals that controls the total deformation but rather the 
distribution of stress that its slight deformation permits, thereby forcing 
the crystalline grains to deform. 

One of the most important factors in the interpretation of the prop- 
erties of metals with change of temperature is the differential change in 
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Note: 

These wires anneal quickly above 600 .K. .See 

Fig 45 for characteristics Of annealed copper. 
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Fig. 54 . — Reduction of area below annealing temperature op copper 
WIRES 0.025 in. diam. 
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Fig. 55 . — Per cent, reduction op area below annealing temperature op 
COPPER wires 0.025 IN. DIAM. 

cohesion between the amorphous and crystalline phases with change in 
temperature. In Fig. 74 is shown the general cohesion-temperature 
curves of the amorphous and crystalline phases of any material that may 
exist in both of these states. This particular curve shows no allotrope in 
the crystalline phase. So far as we know, no allotrope can occur in 
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Note; 

These wires anneal quickly above OOO K. See 

Fig. 45 for characteristics of annealed copper. 
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Absolute Temperature 

Fig. 56. — Tensile strength at various temperatures of tungsten wires. 
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Legend: o = T-2==Equi-axed tungsten wire 

X = T- 3 = Tungsten leduced 96^ by swaging and drawing at 1000 ''C 
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57. — Per cent, elongation op tungsten wires 0.025 in. diam. at various 

TEMPERATURES. 
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the amorphous phase, since allotropy is one of the results of crystallinity; 
if substances were not crystalline they would not be allotropic. The 
occurrence of allotropy, therefore, in a crystalline material would alter 
the cohesion-temperature curve in the crystalline phase only. If allo- 
tropy proves to be caused by a change within the atom, this view will 



Absolute Tempecature 

Fig. 58. — Per cent, elongation of tungsten wires at various temperatures. 



Fig. 59.— Per cent, reduction of area of tungsten wires at various 

TEMPERATURES. 


have to be altered. At present it is thought that allotropy is caused by 
changes in inter-atomic* forces or changes in adaptability of positions of 
the atoms with change in temperature. 

Fig. 74 shows that the cohesion of the amorphous phase is about 
zero at and somewhat below the melting point of the metal, whereas the 
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cohesion of the crystalline phase assumes a finite value at the melting 
point. This can be pictured by comparing the cohesion of ice and 
water at 0° C.; water has no cohesion and ice has considerable cohesion. 



Absolute Temperature 


Fig. 60. — Reduction of area of tungsten wires at various temperatures 
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Fig. 61. — Tensile strength of annealed Armco iron at various temperatures 

WITH variation IN GRAIN SIZE AND RATE OF APPLICATION OP LOAD, 


As the temperature is lowered below the freezing point, the cohesion 
of the amorphous phase increases at a faster rate than that of the crys- 
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Fig. 62. — Per cent, elongation op annealed Armco iron wires 0.025 in. diam 

WITH variation IN GRAIN SIZE AND RATE OF LOADING. 
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piQ 03 — Per cent, reduction of area op annealed Armco iron wires at various 

TEMPERATURES WITH VARYING GRAIN SIZE AND RATE OF LOADING. 
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Fig, 64. — Tensile strength of Armco wires 0.025 in. diam. below annealing 

TEMPERATURE. 
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Fi«. 65. — ^Tensile strength below annealing temperature of hot-prawn 
Armco iron wires 0.025 in. piam. 
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Fig. 66. — Tensile strength below annealing temperature of Armco iron 

WIRES 0.025 IN. diam. 
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Fig. 67. — Per cent, elongation below annealing temperature of cold-drawn 
Armco iron wires 0.025 in. diam. 
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Fig. 68. — Per cent, elongation below annealing'^temperature of Armco iron 

WIRES 0.025 in. diam. 
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Pig. 69 — p^r cent, elongation below annealing temperature of hot-drawn 
Armco iron wires 0.025 in. diam. 
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Fig. 70 . — Per cent, reduction op area below annealing temperature of 
Armco iron wires 0.025 in. diam. 
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Fig. 71 . — Per cent, reduction of area below annealing temperature of 
Armco iron wires 0.025 in. diam. 
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Fig. 72. — Per cent, reduction of area below annealing temperature op 
Armco iron wires 0.026 in. diam. 
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Fig. 73.— Per cent, reduction of area below annealing temperature of 
Armco iron wires 0.025 in. diam. 
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talline phase. When the equi-cohesive temperature is reached the cohe- 
sion temperature curve of the amorphous phase intersects that of the 
crystalline. Below the equi-cohesive temperature the cohesion of the 
amorphous phase is not only greater than that of the crystalline phase but 
it increases at a faster rate with decrease in temperature. This differential 
change in cohesion with change in temperature between the amorphous 
and crystalline phases of a substance is the key to the interpretation of 



Fig, 74. — Diagram showing change in elastic limit and hence ductility 
o A metal severely worked at a certain temperature and tested at 

AND BELOW THAT TEMPERATURE. 

the increase in elongation observed by working a metal at a certain tem- 
perature below that of recrystallization and testing at temperatures 
lower than that at which it was worked. 

The cohesion-temperature curves of each substance will have their 
individual characteristics. They will all be of the same general type, 
however, as those shown in Fig. 74, with the exception of allotropic 
substances. Even these will show an intersection of the amorphous and 
crystalline curves, and a differential change in cohesion at any tempera- 
ture between the amorphous phase and the stable crystalline allotrope. 
This knowledge coupled with the information that the amorphous phase 
at any temperature deforms much more slowly than the crystalline grains 
at the same temperature enables one to interpret many of the phenomena 
in connection with the mechanical properties of metals. 

Intercrystalline Fracture 

It has been demonstrated by Rosenhain and others that at relatively 
high temperatures the fracture of a metal takes place at the grain bounda- 
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ries and that at low temperatures fractures take place through the grains 
themselves. This would indicate that the amorphous phase is weaker 
than the crystalline at these high temperatures but stronger at low tem- 
perature. It should be obvious, however, that the fracture of a metal 
will take place through the grains at temperatures considerably above 
that of equal cohesion in a particular metal. This would be true even 
with very slow loading but the faster the loading the higher will be the 
temperature at which intercrystalline fracture first appears. The area 
of the grain boundaries is greater than the cross-section of a test piece 
on one plane. Intercrystalline fracture, therefore, will not take place 
when a metal is tested by tension until a temperature is reached at which 
the cohesion of an area of the amorphous phase equal to the area of 
fracture along grain boundaries is less than the cohesion of an area of the 
crystalline material equal to the cross-section of the test piece. 

Trans-crystalline Fracture 

When a crystal or a grain is broken in two, it breaks with or without 
change in shape, that is, deformation. When it breaks without deforma- 
tion the fracture usually occurs along cleavage planes of the crystal. It 
is not necessary that any amorphous material be generated by such a 
break and, in fact, the conditions seem to imply that none can be gener- 
ated under these conditions. When a crystal of chromium is broken at 
room temperature, for example, it undergoes no visible deformation. 
This implies no slipping of one section on another and, so far as we know, 
the fracture takes place by the cleavage of one group of atoms from 
another without change of position of any of the atoms relative to the 
others within the same piece after fracture. If this is the case, no 
amorphous material could be generated at the point of fracture; if it did 
generate at the plane where fracture finally took place it should have had 
greater cohesion at room temperature than the crystalhne phase and 
fracture would not have taken place at that particular plane at that time 
but some other part of the crystal would have begun to rupture. This 
process would be kept up until the whole of the crystal had had generated 
within it amorphous material along thousands of slip planes, but to 
make this possible the crystal would have to be ductile and it would show 
permanent change in shape, which is contrary to the conditions observed 
in chromium. 

It seems, therefore, that the property of deformability of a crystal in 
the solid state depends absolutely and entirely on the ability of that 
crystal to begin rupture by the slipping of one part on another and the 
ability of this mechanical slipping action to generate amorphous material 
which cements the two parts of the crystal together. When a crystal 
breaks without deformation, it implies the lack of ability to generate 



532 EFFECT OP TEMPERATURE, BTC. ON PROPERTIES OF METALS 


amorphous material along the line of incipient rupture. Similarly, if a 
load could be applied to any given crystal exactly perpendicular to one 
of. its cleavage planes, and if the load could be maintained tmiformly on 
the whole cross-section of the crystal, would not the fracture take place 
at the cleavage plane without any deformation and without the genera- 
tion of any amorphous material? This condition is met to a certain 
extent when a crystal of a ductile metal is separated into two parts with- 
out substantial deformation by means of a hammer blow applied to a 
cold chisel when the bit of the chisel is placed parallel to a cleavage plane. 
On the other hand, when the bit is placed non-parallel to a cleavage plane, 
a hammer blow causes it to cut into the crystal in a manner similar to a 
chisel cut in ordinary annealed metal. It may be argued that the chisel 
acts as a wedge and favors rupture a little at a time; this is true but it 
does not indicate that fracture takes place through amorphous metal 
which is stronger than crystalline. The argument regarding rupture by 
degrees holds as well for the crystalline as it does for the amorphous 
condition, but slow loading favors deformation of amorphous substances 
at low temperature. 

Non-metallic crystals, like calcite and fluorite, break easily at room 
temperature and fracture takes place along the cleavage planes. If 
we assume that amorphous material is generated at the surface of fracture 
in a brittle metallic crystal, we should make the same assumption for 
non-metallic crystals; this seems hardly necessary with our present knowl- 
edge. But if added evidence is needed, it is found cogently in such brittle 
metals as coarse-grained bismuth and zinc. In these metals fracture 
always avoids the grain boundaries, which are filled with the amorphous 
material. Would not fracture also avoid an intra-crystalline amorphous 
plane? The foregoing assumes a condition of no internal stresses be- 
tween amorphous and crystalline metal. 

The generation of amorphous metal at the slip planes implies mallea- 
bility and ductility in a metal. As the load is applied to the crystal, no 
permanent deformation takes place until the elastic limit is exceeded, 
but the atoms change their positions as a result of the load and permanent 
deformation would first take place where the atoms were strained the 
most. 

Assuming that the direction of the load on the crystal is such that 
it is not perpendicular to a cleavage plane, the first incipient rupture of 
the crystal would not be perpendicular to the direction of the load. 
Slippage on each side of the incipient rupture must then take place but 
in the act of slipping some of the atoms that have already been stressed 
to the point of separation from one another (especially in the crystlalline 
arrangement) are actually mechanically decrystaUized, and hence amor- 
phized. The amorphization is probably not complete until the two 
parts have slipped a distance, which may be considerable when compared 
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to the diameter of an atom. The mobile state of the material at the 
slip plane probably occurs while the amorphous material is in the process 
of formation. A locally high temperature is no doubt also developed 
at the slip plane, due to the mechanical action. The amorphous metal 
is more mobile at the high temperatures than after cooling. As soon as 
the amorphous phase is completely formed, the friction probably de- 
creases and the heat previously generated by the mechanical action is 
dissipated into the crystalline parts and the amorphous phase cools and 
becomes rigid. Immediately after formation the amorphous slip planes 
are probably in a high state of internal stress, which is relieved gradually. 
This gradual release probably accounts for the change in properties of a 
metal with age. At the same time the slipping on this particular section 
removes the local stress and transfers it to another section. The process 
of amorphization will then take place at the other planes of incipient 
rupture. In this manner the process of deformation of a crystalline 
material at low temperatures automatically strengthens the parts de- 
formed and forces any further deformation to take place in the other 
crystalline parts. Immediately after deformation, probably both amor- 
phous and crystalline metal are in a state of internal stress, the direc- 
tion being in general the same as that of deformation. The removal of 
the stresses in the amorphous phase with age probably also removes the 
stresses in the crystalline metal. It is conceivable that this readjustment 
may require infinite time at very low temperatures and a matter of sec- 
onds at high temperatures. At intermediate temperatures we should 
then have all gradations for the release of internal stresses from a few 
minutes or seconds to infinite time. 

We all know that the resistance to deformation of pure iron (ferrite) 
can be increased in the neighborhood of three times by laminating it with 
13 per cent, of the hard and brittle material, cementite, to form pearlite. 
The ferrite is strengthened in this manner by the reinforcement of the 
cementite. When a load is applied to pearlite, it is the ferrite which 
undergoes deformation, but it does not deform before a load is reached 
equal to three times the load at which ferrite alone will deform. This 
result is produced by reinforcing a deformable metal with one that is 
absolutely brittle. Similarly, as the deformation of a crystal proceeds 
and as the crystalline phase becomes more and more reinforced by the 
amorphous metal, a condition finally obtains in which the load neces- 
sary to further deform the crystalline phase with its reinforcement is 
equal to the breaking load of the amorphous phase at the slip planes. 
Rupture finally takes place largely along the amorphous slip planes, either 
those formed by previous deformation or those formed at the time of 
rupture. This is the process of trans-crystalline fracture of a single 
ductile grain. 

After rupture there will be many grain fragments within which the 
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atoms have the same relative positions as before deformation. If these 
could be isolated they could be deformed. A grain or crystal that has 
been broken in tension can be subjected to further deformation by com- 
pression as in rolling. The limit of deformation of a crystalline substance 
is therefore not reached when a metal is broken in tension. A good 
example of this is found in the wire-drawing of a soft metal like copper. 
A piece of copper which shows only 40 per cent, elongation in 2 in. in a 
tensile test may have its length increased 10,000 or more times without 
intermediate annealing, by rolling and wire-drawing. So far as is now 
known, no crystalline material has ever been deformed mechanically as 
much as it is possible to deform it. The limit of deformation would 
theoretically be reached only when every atom had been transformed into 
the amorphous condition. It is not possible to do that because the 
deformation load must be transmitted to the crystalline metal largely 
through amorphous material. After extreme industrial deformations, it 
is probable that at least 90 per cent, of the material is still in the crystal- 
line form. 

It is generally admitted that intercrystaUine fracture takes place in 
the amorphous material or at the boundaries between amorphous and 
crystalline material. I shall also take the position that trans-crystalline 
fracture takes place either at the amorphous slip planes or at the cleavage 
planes of the grains without generation of amorphous metal. 

The crystalline material in metals may be divided into two general 
classes: easily deformable and brittle. A given crystal might be in one 
class at one temperature and in the other class at another. Large zinc 
grains would be in the first class at 150° C. and in the second 
class at room temperature. When coarse-grained cast zinc is broken 
at ordinary temperature the fracture shows grains, which reflect light 
directionally. This same surface could be polished and the grains would 
be entirely invisible. BeUby has taught us that the polishing produces a 
fLin layer of amorphous zinc on the surface which has no directional 
properties and hence the whole surface has a uniform tint. The fact that 
the grains on the fracture show directional reflection indicates that there 
is no amorphous metal on the surfaces of the broken grains or that at 
least it is so thin that light passes through it. I am of the opinion that 
the fracture has taken place on cleavage planes without the generation 
of amorphous metal. Chromium, antimony, and bismuth, as well as 
other brittle metals, act in a similar manner when fractured cold. These 
metals would be in the second class. 

When coarse-grained cast tin is broken in tension at ordinary tempera- 
ture the fracture gives no indication of the grain boundaries. The 
grains are easily deformable and would be in the first class. If we polish 
a cross-section of the tin near the fracture and etch it, the grains are 
easily visible. Why are the tin grains not visible after fracture? The 
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simple explanation would be that they are coated with amorphous metal. 
Both surfaces of the fracture are similar, so it is evident that rupture 
took place in amorphous metal or the rubbing of the two parts together 
after rupture produced the amorphous coating. The fracture surface 
of coarse-grained tin suggests that rupture has taken place largely by 
shearing action. The same is true of many ductile metals. 

Other metals rupture partly at the cleavage planes of the grains with- 
out generation of amorphous metal and partly at slip planes after local 
deformation and hence at the amorphous planes. 

Rupture 

The breaking load of a single constituent ductile metal when tested 
in tension is controlled by the cohesion of the amorphous phase but is not 
equal to it. The cohesion of the amorphous phase will always be different 
from that indicated by the breaking load because all parts of the cross- 
section do not rupture simultaneously and because the total area of 
rupture varies on cross-sections of equal size due to causes such as differ- 
ences in grain size and degree of cold work. The property of ductility 
in a metal seems to favor rupture along a long path but at the same time 
promotes rupture by degrees. The rupture of sample T-2 at room tem- 
perature and at 100° C. was not accompanied by deformation. It took 
place over the whole area of fracture within a very short time period but, 
due to lack of perfect homogeneity, some parts must have given way an 
instant before final rupture occurred. If rupture took place at every 
point at the same instant we’ would have data for the measurement of 
absolute cohesion, which no one has been able to obtain to date. The 
rupture of tungsten in its brittle range, however, is more nearly simulta- 
neous at all points of the fracture than at higher temperatures in the 
ductile range. Ductility seems to favor non-homogeneity and this 
favors rupture by degrees, which in turn makes the breaking load low in 
proportion to the absolute cohesion of the amorphous phase. 

Rupture by degrees in a ductile metal can be studied nicely with the 
Kron springless dial scale used in the experiments above 200° C. After 
the maximum load had been reached, the dial would first move slowly 
in the direction of decreasing load and then more rapidly until a load 
about one-half or two-thirds the maximum was recorded, after which 
the wire would break and the dial would spring quickly to its zero point. 
The time during which rupture was taking place was considerable, often 
as much as 5 sec. The foregoing discussion should be kept in mind when 
interpreting the expression ‘'the breaking load is controlled by the amor- 
phous phase. 

Many facts indicate that the amorphous phase controls the breaking 
load. Annealed copper, C-2 for example, had a tensile strength of 31,150 
lb. per sq. in. (21.8 kg. per sq. mm.) at room temperature. The break- 
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ing load gradually increased to 67,400 lb. per sq. in. (47.18 kg. per sq. 
mm.) as the deformation progressed to 96 per cent, reduction by cold 
drawing. The principal difference between the annealed and the hard- 
drawn copper was in the quantity and arrangement of the amorphous 
phase and as its quantity increased the breaking load increased. If the 
hard-drawn wire is probably more than 90 per cent, crystalline, why does 
not fracture take place through the crystalline material with slight 
breaking load? I believe it is because the amorphous phase is primarily 
the continuous one and the load must be transmitted to the crystalline 
phase through it; and the crystalline phase cannot commence rupture 
without generating new amorphous metal. This process continues 
until rupture occurs in or at the amorphous planes. 

We might assume that the surface of the fracture of the annealed 
copper is entirely amorphous as is also that of the hard-drawn wire. The 
reason then that the latter has a higher breaking load is largely due to a 
more intricate path of rupture. The intricacy of the path of rupture 
would naturally be greater as the wire drawing became more severe. 
This accords with the idea that the elastic limit increases with the intri- 
cacy of the path of rupture and hence with the quantity of the amorphous 
phase. The hard-drawn wire may also be more homogeneous and this 
would produce a more simultaneous rupture of the various parts of the 
cross-section than in annealed wire. 

The directional properties of the crystalline phase force the formation 
of amorphous phase along intricate paths and hence the breaking load of 
the complex structure is probably much greater than that of the stronger 
(amorphous) phase itself.^^ 

Explanation op Beilby^s Results 

The reason that hard-drawn gold, silver, and copper wires showed 
less than 1 per cent, elongation when tested at room temperature is 
given in the preceding. The resistance to deformation in the crystalline 
phase had been increased by the amorphous reinforcement planes until 
it was about the same as the resistance to rupture by tension of the amor- 
phous material itself. The wires therefore broke at room temperature 
with very little elongation. On cooling to the temperature of liquid air, 
the resistance of the amorphous phase to rupture increased at a more 


This idea of a combination of amorphous and crystalline metals, with higher 
cohesion than either singly, strongly suggests a mechanical explanation for the cohe- 
sion of solid solutions. The atoms of the different components having different 
atomic volumes would cause an intricate atomic path of rupture which would increase 
the cohesion. This is suggested quantitatively by the fact that solid solutions show- 
ing the highest increase in cohesion usually consist of atoms having great variation 
in atomic volume. The martensitic state in steel also strongly suggests a combination 
of two physically different constituents with higher cohesion than either one. 
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rapid rate than the resistance to deformation of the crystalline phase. 
Since the resistance to deformation of a structure composed of fragments 
of crystalline material reinforced with thin sheets of amorphous material 
would be governed partly by the cohesion of each phase, the final resist- 
ance to deformation at liquid-air temperatures would be represented by a 
weighted average of the increase in cohesion of each phase. It must be 
less than the increase in cohesion of the amorphous phase and greater than 
the increase in cohesion of the crystalline phase. The resistance to de- 
formation of the deformed grains taken as a whole must therefore be 
less at liquid-air temperatures than the resistance to rupture of the 
amorphous phase but still greater than the resistance to deformation of 
the crystalline phase unreinforced (not strain hardened). 

The resistance to deformation of the grains taken as a whole controls 
the elastic limit. The elastic limit at liquid-air temperatures must there- 
fore be less than the breaking load of the amorphous phase, and hence 
the wires were ductile. At room temperature the elastic limits were 
substantially equal to the breaking loads of the hard-drawn wires but 
considerably less than the breaking loads of the same wires at the tem- 
perature of liquid air. The elastic limits of these wires were greater, 
however, in liquid air than at room temperature, but the rate of increase 
of elastic limit with decrease in temperature is not as rapid as the rate of 
increase in the strength of the amorphous phase. This explanation is 
shown diagrammatically in Fig. 74. This diagram shows a condition in 
which the elastic limit is equal to the breaking load at room temperature. 
If the wires had been drawn at room temperature to such an extent that 
their elastic limits were considerably less than their breaking loads, the 
elastic-limit curve would approach the breaking-load curve at a tempera- 
ture higher than room temperature. 

Mechanical Properties of Copper Wires 

Elongation . — The results of the tests on copper given in Tables 1 to 
9, inclusive, and in Figs. 43 to 55, inclusive, confirm these general ideas. 
The hard-drawn copper wire C-1, which had an elongation of only 0.75 
per cent, at room temperature, had an elongation of 6.25 per cent, in 
liquid air. The elongation is almost nil at 200® C. At 330® C. it anneals 
quickly and its elongation will then depend on other factors. Similarly, 
sample C-3 shows a gradual increase in elongation as the temperature is 
lowered below that of deformation and a gradual decrease as the tem- 
perature is increased until the first annealing takes place. This is also 
shown in samples C-A, C-5, C-6, C~7, C-8, and C-9, some of which were 
worked at room temperature and some at higher temperatures. The 
decrease in elongation with increase in temperature above that of work- 
ing should be due to the differential change in cohesion between th( 
amorphous and crystalline phases. 
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Let US consider sample C“4, for example, which had an elongation of 
2.12 per cent, at room temperature, after reduction of 32 per cent, by 
cold drawing. At 200° C. its elongation was only 0.75 per cent. Why 
did its elongation decrease with increase in temperature? The resist- 
ance to deformation of the deformed crystalline grains had been so 
increased at room temperature by the generation of amorphous metal at 
the slip planes that only a little more deformation was possible by tensile 
load before the sample would break. On increasing the temperature the 
resistance to deformation will decrease but the resistance to rupture in 
th^ amorphous phase, which controls the breaking load, will decrease at 
a still faster rate with increase in temperature. The amorphous rein- 
forcement planes within the strain-hardened grains will also be less 
effective for reinforcement This would tend to decrease the resistance 
to deformation of the deformed crystalline grains in proportion, but not 
equal to the decrease in cohesion of the amorphous phase. The total 
decrease in resistance to deformation with increase in temperature will be 
a weighted average between the decrease in the cohesion of the crystalline 
phase and that of the amorphous phase at the slip planes. The decrease 
in breaking load, however, will be directly proportional to the decrease 
in cohesion of the amorphous phase, which in turn must be greater than 
the decrease in resistance to deformation of the deformed grains. This 
is a general rule applicable to all metals within the proper temperature 
range. 

Sample C-2 measured 485 grains per square millimeter after anneal- 
ing. Its elongation decreases from the lowest temperature, —190° C., to 
the highest temperature tested, 950° C. Its elongation at the lower tem- 
peratures is less than ordinary annealed copper because it has compara- 
tively few grains on a cross-section. A finer grained sample was obtained 
by using a lower annealing temperature and this was tested at room tem- 
perature. Refer to C-10, shown in Table 2. The measurements showed 
6200 grains per square millimeter. The tensile strength, elongation, 
and reduction of area were all increased by a decrease in grain size. The 
elongation of annealed copper at all temperatures was less the larger the 
grain size. Compare C-l-a-450, Table 1, with C-2-a-450, Table 2; 
the former is annealed but has a small grain size because the wire has been 
annealed during test and the temperature is rather low and there has not 
been time for marked growth of grain. Its elongation is about twice that 
of the coarser grained (C-2) sample. Sample C-3-b-450, Table 3, is also 
annealed, but coarser grained than C-l-b-450 because its deformation 
before test was less. 

In general, the elongation with any given grain size decreases with 
increase in temperature. It may be that a fine-grained sample will have 
a greater elongation at a certain temperature than a coarse-grained 
sample at a certain lower temperature but, in general, the elongation of 
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each sample will decrease with rising temperature; this condition is shown 
in Fig. 44. 

Mr. W. H. Bassett has called attention to the fact that the elongation 
of annealed copper is greater after an anneal at 500° to 600° C. than after 
either lower or higher anneals, and that a maximum elongation at a given 
temperature might be expected after an anneal higher than that of C~10 
and lower than that of C-2. This information is confirmed by results 
of Mathewson and Thalheimer. From the writer’s experiments, it 
seems that this relation does not hold at higher temperatures, but that 
reduction in grain size favors both high elongation and high reduction 
of area. 

The elongation will also increase as the rate of applying the load 
increases. Very rapid application of the load, especially at temperatures 
between 450° C and 950° C., may double the elongation obtained by slow 
loading. This is in keeping with the general proposition that the amor- 
phous phase deforms more slowly than the crystalline phase with a given 
absolute cohesion. The absolute cohesion of the amorphous phase is 
less than that of the crystalline phase in the temperature region in which 
the rapid loading was used, but the relative cohesion of the two phases 
with short duration of the load may be greatly changed by changing the 
rate of loading. If, for instance, a hammer blow is struck on a piece of 
pitch, only a slight dent may result or the pitch may break into pieces. 
If the hammer, however, is placed on top of the piece of pitch and left 
there over night or for a few days, it may actually bury itself, and at any 
rate it will leave an impression. This is characteristic of amorphous 
substances, especially in their temperature regions where flow takes place. 
If a load of x lb. is required to break a piece of glass at a red heat in 10 
min., a load of 2x lb. will not break the glass immediately but will do so 
in less than 10 min. The absolute cohesion of the particular piece of glass 
would be considered as the load per unit of cross-section that would 
break it in an infinite time. The difference between the absolute cohe- 
sion and the observed cohesion by breaking it in any ordinary short- 
time period is entirely a function of the rate of loading; the crystalline 
phase is not so much affected by the rate of loading, and hence rapid 
loading has the effect of increasing the cohesion of the amorphous phase 
more than that of the crystalline. 

It may be that some of the copper wires have spontaneously annealed 
during test in the temperature region permitting grain growth. It is 
certain that the cold-worked wires annealed at the higher temperatures 
but when these were deformed again during the test another annealing 
may have taken place. If this has not happened in the particular wires 
tested in these experiments, it may happen, and this would vary the elon- 
gation. After a wire has stretched, say 10 per cent, of its original length, 
recrystallization may take place and then the test proceeds on a sample 
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with a structure similar to that at the beginning of the test. This may 
account for some of the erratic elongation measurements obtained by 
various experimenters at temperatures in the grain-growth region. 

Tensile Strength of Copper Wire , — The tensile strength of all copper 
wires decreases from liquid-air temperatures to the highest temperature 
tested. Some of the curves show an apparent discontinuity between 
200° C. and 330° C. These wires were loaded rapidly to avoid annealing. 
The wires that were held at 330° C for 10 min. or more before test were 
annealed. The annealed copper itself, C-2, shows the normal decrease 
in tensile strength between 200° C. and 330° C. This is about the same 
as was observed by Bengough^^ and Le Chatelier.^^ 

The tensile strength increases as the grain size decreases. This is 
especially marked below the recrystallization temperature and not 
marked above. The tensile strength also increases at the higher tem- 
peratures as the rate of loading increases. This is in keeping with the 
general proposition that the amorphous phase has the ability to with- 
stand for a short time without rupture loads that would break ^t in a 
longer time. The apparent temperature-cohesion curves of the amor- 
phous and crystalline phases may be raised several hundred degrees above 
that of the equilibrium positions by rapid loading. Sample C--l-a-950, 
for example, had the same breaking load when broken in 5 sec. as sample 
C-l--b-750, which was broken in 15 min. The fast rate of loading in 
this instance has produced the same increase in cohesion as would be 
produced by lowering the temperature 200° C. 

The tensile strength of the cold-worked copper wires decreases gradu- 
ally from liquid-air temperatures to 330° C. The difference in tensile 
strength at 330° C. between the recrystallized and unrecrystallized sam- 
ples is very marked. The decrease in sample C-1 was 39 per cent. 
The difference in strength at 330° C. between some of the strain-hardened 
samples and the annealed sample, C-2, is about as 2 is to 1. If the hypo- 
thesis is correct, that the breaking load depends on the cohesion of the 
amorphous phase, any variation in breaking load of a given metal at any 
temperature will depend on the area of the path of rupture through the 
amorphous phase and on the area that ruptures at any given instant. 
Since the variations in reduction of area between annealed and cold- 
worked copper were slight, we may assume that the area of the path of 
rupture through the amorphous phase of cold-worked copper is substanti- 
ally twice that of annealed copper. This ratio is nearly constant from 
liquid-air temperatures to the annealing point of copper. Cold work 
increases the area of rupture through the amorphous phase; slight cold 


12 Op. cit. 

i^Le Chatelier’s tenacity-temperature curve of copper is reproduced on p. 143 of 
Bengough’s paper. 



ZAY JEFFRIES 


541 


work increases this path but Uttle and severe cold work iucreases it to a 
maximum. 

The process of recrystallization is one that shortens the path of 
rupture along amorphous planes and at the same time substitutes a nor- 
mal equiaxed grain structure. The individual equiaxed grains, however, 
have less resistance to deformation than the resistance to rupture at their 
boundaries, and these grains cannot deform without generating within 
them amorphous material that increases the area of amorphous metal 
on any given cross-section as the deformation proceeds. Not only, 
therefore, is recrystallization coincident with a marked decrease in the 
breaking load but it produces a marked increase in the ductility. 

Reduction of Area of Copper Wires , — In general, the reduction of area 
of both annealed and cold-worked copper wires increases from liquid-air 
temperatures to about 330° C., after which a marked decrease takes place 
with normal loading. The reduction of area increased in the annealed 
samples as the grain size decreased. It is, in general, greater in the an- 
nealed wires than in the cold-worked wires but the condition may obtain 
in which the reverse is true. The reduction of area is not only dependent 
on the grain size but also on the number of grains, whether strain-hard- 
ened or not, exposed on the whole cross-section of the wire. In general, 
the more grains exposed on the cross-section, the greater will be the 
reduction of area. If, for example, a wire contains 1000 equiaxed grains 
on a cross-section, it will have a greater reduction of area than one con- 
taining 1000 strain-hardened grains on its cross-section. On the other 
hand, if a wire contains only 100 annealed grains on its cross-section, its 
reduction of area may be less than that of a wire of the same size containing 
several thousand strain-hardened grains on its cross-section. From the 
results of Mathewson and Thalheimer,^^ it would appear that the reduc- 
tion of area of annealed copper at room temperature is a maximum at a 
certain intermediate grain size produced after an anneal at about 600° 
to 700° C. Their micrographs, however, indicate that the grain size 
after 600° anneal is but very little different from that after a 400° or 500° 
anneal, and the percent reduction of area shows a correspondingly 
slight variation. On the contrary, as soon as the grain size begins to 
increase markedly, namely at and above 800° C., the reduction of area 
as well as the elongation begin to fall rapidly. It would not be surprising 
if all metals at any given temperature would have maximum elongation 
and reduction of area with a certain small grain size, and either smaller or 
larger grains might produce less elongation or less reduction of area. On 
the contrary, the tensile strength should always increase with decrease 
in grain size. 

The reduction of area seems to depend on the ability of a wire to 


Trans, ( 1916 ) 66 , 467 . 
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break by degrees. A brittle metal has no reduction of area; a ductile 
metal always has reduction of area. If the mechanism of rupture of a 
ductile wire permits the rupture of one interior part while adjacent parts 
remain intact, these may draw together and fill up the opening left by 
the ruptured part. In proportion to the ability of a metal to break in 
this manner, the reduction of area increases. 

Above 330° C. the reduction of area depends to a marked extent on 
the rate of loading. Rapid loading increases the reduction of area and 
slow loading decreases it. At the higher temperatures slow loading 
seems to produce intercrystalline fracture but fast loading produces 
trans-crystalline fracture. This would be expected when the variation 
in cohesion of the amorphous phase with change in rate of loading is 
considered. Very rapid loading at temperatures between 600° C. and 
950° C. produces almost 100 per cent, reduction in area. The reduction 
of area of sample C-l-a-750 was 99.5 per cent. This is somewhat analo- 
gous to glass, which is an amorphous material, and strongly suggests 
the existence of amorphous material in copper. When glass at the proper 
red heat is broken in tension, its reduction of area is about 100 per cent. 
The making of mineral wool depends on this property. If the glass is 
loaded rapidly a small globule can be formed into a thread many feet in 
length. The copper acts in a manner somewhat analogous to glass, but 
of course a complete analogy does not exist because of the preponderance 
of crystalline material present. 

Mechanical Properties of Tungsten Wires 

Elongation of Tungsten Wires . — Recrystallized tungsten is brittle at 
100° C. and below. Its fracture at these low temperatures is at the grain 
boundaries, that is, intercrystalline. At 200° C., the average elongation 
in 2 in. is 8.85 per cent, and the fracture is partly trans- and partly inter- 
crystalline. At 330° C., the average elongation is 21.8 per cent, and the 
fracture is entirely trans-crystalline. The elongation above 330° C. 
decreases somewhat with increase in temperature but the normal decrease 
is not properly shown by the figures given in Table 11. This equiaxed 
tungsten wire was recrystallized in short lengths and microscopic exami- 
nation showed that near the surface some of the wires had large grains 
caused by germination. These large grains tend to decrease the elonga- 
tion, which accounts for the variations observed in this property. 

No tensile tests on tungsten have been made at temperatures near its 
melting point but there is every reason to believe that the fracture near 
the melting point would be intercrystalline, as in other metals. The 
fracture at and below 100° C. is also intercrystalline. The reasons for 
the intercrystalline fracture at high and low temperatures, however, 
are very different. At high temperatures, intercrystalline fracture 
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takes place because of the weakness of the amorphous phase between the 
grains. I believe that intercrystalline fracture takes place at low tem- 
peratures because of the difference in coefficient of expansion between 
the amorphous and crystalline phases. It is probable that the coefficient 
of expansion of the amorphous phase is greater at high temperatures than 
that of the crystalline phase, and that the opposite is true at low tempera- 
tures. There should be an intermediate temperature at which the coeffi- 
cient of expansion of the two phases is equal and they will be nearly the 
same for a considerable range in temperature above and below that of 
equal expansion. As the temperature decreases below that of equal 
expansion, there will be a differential coefficient of expansion, that of the 
amorphous phase varying at a more rapid rate than that of the crystalline 
phase. At high temperatures, any difference in coefficient of expansion 
between the two phases will be compensated for by the flow in the amor- 
phous phase. At low temperatures, the difference in the coefficient of 
expansion between the two phases will not only be great, but both phases 
are comparatively rigid and any difference in expansion must manifest 
itself by internal strain. This internal strain will be at the junction be- 
tween the amorphous and crystalline phases, so that when external load 
is applied rupture will take place before a load can be applied equal to 
the elastic limit of the crystalline phase. 

I had developed this hypothesis before reading Prof. T. W. Richards’ 
paper, The Present Aspect of the Hypothesis of Compressible Atoms. 
After the cohesion-temperature curves were known, this variation in 
coefficient of expansion could have been predicted from Prof. Richards’ 
conclusion that this property varies inversely as the cohesion. I arrived 
at these conclusions regarding the expansion of the amorphous and 
crystalline phases from the study of the expansion laws of liquids and 
amorphous solids such as wax and by comparing these with crystalline 
materials. In some cases the expansion curves of liquid and solid metals 
were available. A good example of a non-metallic material is found in 
Si02. Comparisons were made between quartz and fused silica. 

The grains in sample T-2, as shown in Fig. 24, are not exactly equiaxed ; 
they are longer in the direction of drawing than in a transverse direction. 
This makes the area of rupture through the amorphous phase greater 
than if the grains had been exactly equiaxed. This wire, therefore, 
assumes ductility on heating at a lower temperature than if the grains 
had been exactly equiaxed. 

As the temperature decreases, the cohesion of both amorphous and 
crystalline phases increases according to the general type of curves 
shown in Fig. 74. The cohesion of an aggregate of recrystallized grains 
reaches a maximum at about room temperature, below which it decreases. 


Journal, American Chemical Society (1914) 36, 2417-2439. 
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T-2, for example, was only about one-third as strong in liquid air as at 
room temperature. This is consistent with the idea that the difference 
in coefficient of expansion of the two phases causes internal strains. 

An isolated grain of tungsten is somewhat malleable at room tempera- 
ture. It is only when these malleable grains are cemented together 
by the amorphous metal that the aggregate is brittle at room temperature. 
As the temperature increase's above room temperature, the internal 
stresses become less until a point is reached at which the intercrystalline 
breaking load is greater than the resistance to deformation of the crys- 
talline phase. The metal then becomes ductile. The resistance to 
intercrystalline fracture will not reach that of the deformation of the 
crystalline phase at the same temperature in each individual grain. The 
change from complete brittleness to complete ductility, therefore, takes 
place through a small temperature range; this range does not exceed and 
may be less than 120° C. 

The elongation of the tungsten wires that were worked below the 
recrystallization temperature is of interest and importance because it 
has been found possible in this manner to produce tungsten wires that 
are ductile at room temperature. Sample T-1, for instance, has an 
elongation of 3.15 per cent, at room temperature; this wire can be bent 
cold or can be drawn to a certain extent cold. The elongation of tungsten 
wires is shown in Fig. 58. The worked wires are all brittle in liquid air, 
but T-1 and T-3 are ductile at room temperature. T-4 is brittle at room 
temperature but assumes slight ductility at 100° C. and maximum duc- 
tility at 216° C. The maximum elongation of T-1 is at 100° C. and of T-3 
at 100° C. Above the maximum the elongations decrease in a regular 
manner with increase in temperature. This decrease in elongation is 
the result of the same laws that have been discussed for copper. The 
decrease in elongation below the maximum, however, is caused by the 
internal strains due to the difference in coefficient of expansion between 
the amorphous and crystalline phases. The reason that the worked 
tungsten wires retain ductility at lower temperatures than the recrystal- 
lized metal is that the path of rupture along the grain boundaries of the 
worked tungsten is so great that rupture is forced to take place through 
the deformed grains or fibers themselves. The amorphous metal gen- 
erated within the deformed grains also forms a long path of rupture, 
which in turn requires a large breaking load. In addition to this, the 
amorphous metal generated within the deformed grains may not be in 
such a state of strain as the amorphous metal at the grain boundaries 
of annealed metal; this amorphous metal will have been generated at a 
comparatively low temperature. If any stress had existed between it 
and the crystalline metal immediately after deformation, it would seem 
to have been in a direction that the differential coefficient of expansion 
would relieve. This is suggested by the observed fact that if the tern- 
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perature at which tungsten is deformed is high, brittleness develops on 
cooling at a higher temperature than if the temperature of deformation 
has been low. The large breaking load, therefore, wiU force the crystal- 
line fragments of the deformed grains to further deform before rupture 
can take place, that is, the metal becomes ductile. It will be noted 
that the worked tungsten wires are more ductile at certain low tempera- 
tures than the equiaxed wires but that the maximum ductility of the 
latter is greater than that of the former. The maximum elongation of 
tungsten wires is lov/er as the deformation increases. In general, the 
maximum elongation of a worked tungsten wire occurs at a lower tem- 
perature as the degree of deformation increases and as the temperature 
of deformation decreases. It was found possible to pat a slight per- 
manent bend in a fibrous tungsten wire, 0.001 in. (0.0254 mm.) diameter, 
in liquid air. 

Tensile Strength of Tungsten Wires , — Equiaxed tungsten, as shown 
in Table 11, has a tensile strength of only about 60,000 lb. per sq. in. 
(42.16 kg. per sq. mm.) at —190° C. At room temperature the strength 
is increased to 168,000 lb. per sq. in. (118.05 kg. per sq. mm.). Between 
room temperature and 200° C. the decrease in tensile strength is great. 
The tensile strength at 100° C. is 50,000 lb. per sq. in. (35.13 kg. per sq. 
mm.) greater than at 220° C. This is the region in which the metal 
changes from a brittle to a ductile condition. Above 200° C., which is 
entirely within the ductile region, the decrease in tensile strength is 
gradual with increase in temperature. The same marked increase in 
the strength of iron is noted between room and liquid-air temperatures. 
These results suggest that rupture takes place by degrees (a little at a 
time) in ductile metals and more nearly simultaneously at all parts of the 
cross-section in brittle metals. 

All types of recrystallized tungsten wires do not have the strength 
properties shown in Table 11. The strength properties will depend on 
the grain size and the shapes of the grains. Grains that are exactly 
equiaxed produce weaker metal than is shown in Table 11. All of the 
worked tungsten wires show less tensile strength at hquid-air tempera- 
ture than at room temperature. It is thought that this variation is due 
to the difference in coefficient of expansion between the amorphous 
and crystalUne phases. Above room temperature the tensile strength 
decreases gradually with increase in temperature. The highest tem- 
perature used in the tests was 900° C., which is about 500° C. below 
recrystallization. 

Special Tests on Tungsten 

Table 14 gives the results of some special tests on the recrystallized 
tungsten wires. It had been shown that these wires had an average 
breaking load of about 168,000 lb. per sq. in. (118.05 kg. per sq. mm.) 
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at room temperature and only about 60,000 lb. per sq. in. (42.16 kg. 
per sq. mm.) in liquid air. It seemed probable that if one of these wires 
could be stressed more than 60,000 lb. per sq. in. at room temperature 
and immersed in liquid air while under stress it might break sponta- 
neously. Consequently a wire was stressed to 101,000 lb. per sq. in. 
(71.00 kg. per sq. mm.) at room temperature and was immersed in liquid 
air under stress, but it did not break. The load had to be increased to 
120,000 lb. per. sq. in. (84.32 kg. per sq. mm.) to break the wire. Another 
wire was then stressed to 137,000 lb. per sq. in. (96.26 kg. per sq. mm.) 
at room temperature and immersed in liquid air while under stress, 
but the load had to be increased to 177,000 lb. per sq. in. (124.37 kg. 
per sq. mm.) to cause rupture. Another wire was stressed to 8000 lb. 
per sq. in. (5.61 kg. per sq. mm.) and immersed in liquid air under stress, 
and its breaking load was 73,500 lb. A final test was made in the usual 
manner, that is, without stressing at room temperature, and the tensile 
strength was 60,000 lb. per sq. in. (42.16 kg. per sq. mm.) or approximately 
what had been observed previously. 

This wire is as brittle as any metal can be, so the explanation for the 
above phenomenon would not seem to be associated with permanent 
deformation. Besides, even a load of 8000 lb. per sq. in. applied at room 
temperature seemed to increase the breaking load over 10,000 lb. per 
sq. in. in liquid air. Also, the breaking load obtained on the equiaxed 
sample in this manner was Just equal to the maximum breaking load 
observed on the strongest of the worked tungsten wires at —190^ C. I 
am at a loss to account for this phenomenon. More experimental 
information should be obtained to fix this irreversible relationship 
quantitatively. 

Reduction of Area of Tungsten , — The tungsten wires all show 0.00 
per cent, reduction of area at liquid-air temperatures. The reduction 
of area of the equiaxed sample is zero up to and including 100° C. It 
gradually increases above 100° C. with rising temperature and apparently 
reaches a maximum at about 750° C., although the number of samples 
tested and the difference in structure noted microscopically did not 
warrant the extension of the curve above 750° C. The reduction of area 
of the worked wires increases as the temperature increases within the 
range tested. 

Mechanical Properties of Iron Wire 

Elongation of Iron Wire , — Annealed iron wires with two different 
grain sizes were tested; Sample 1-2 measured 810 grains per square milli- 
meter and 1-12, 2680 grains per square millimeter. 1-2 was compara- 
tively brittle at the temperature of liquid air and 1-12 was ductile. 
The tests were not carried far enough to state with certainty that this 
difference in ductility at the low temperatures was entirely due to the 
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difference in grain size. In general, however, the smaller the grain size 
the greater the path for intercrystalline fracture and, hence, the lower 
the temperature at which intercrystalline fracture will take place. It is 
probable that, like tungsten, most metals will become brittle in the 
annealed condition at very low temperatures. Iron seems to reach this 
condition at about the temperature of liquid air. The fracture of some 
of the grains of 1-2 was inter crystalline. This accords with the observa- 
tions on tungsten. It is also evident that the grains of iron are deforma- 
ble at liquid-air temperature, else 1-12 could not have had 11.75 per cent, 
elongation in 2 in. at that temperature. If, therefore, iron is brittle at 
liquid-air temperatures, it is not because the grains are brittle but because 
the intercrystalline material, for some reason, probably internal stresses 
due to differences in expansion, gives way before a load sufficient to de- 
form the crystalline material can be reached in tension. The manner in 
which the strong brittle amorphous phase protects the grain itself from 
deforming has been interestingly worked out by Humfrey.^^ He has 
observed that the grains deform in the interior more readily than at their 
boundaries. The lower the temperature the greater will be the reinforce- 
ment of the grains by the amorphous cement, and hence a greater load 
can be applied to a piece of metal taken as a whole before deforming the 
grains than would be represented by the resistance to deformation of an 
isolated grain at the same temperature. It therefore seems probable 
that the brittleness of iron observed by Hadfield at the temperature of 
liquid air was largely intercrystalline. At temperatures considerably be- 
low — 190° C. it might be expected that all annealed iron samples would 
be brittle and that the fracture would be inter crystalline. It might be 
of interest to note that, on cooling, molybdenum becomes brittle near 
room temperature and in its brittle region its fracture is intercrystalline. 

A general confirmation of the proposition that a sharp increase in 
tensile strength accompanies brittleness produced by intercrystalline 
fracture is found in samples 1-2 and 1-12 having tensile strengths in 
liquid air of 109,500 and 105,500 lb. per sq. in. (76.65 and 73.85 kg. per 
sq. mm.) respectively. 1-2 was the coarser grained and the fracture was 
partly intercrystalline. Of four samples tested, the stronger were the 
ones having least reduction of area and hence most nearly approaching 
complete intercrystalline fracture. 

The elongation of annealed iron increases as the temperature increases 
to room temperature. At 100° C. its elongation reaches another mini- 
mum and gradually increases to a temperature of 450° C. This discon- 
tinuity in the elongation-temperature curve is also observed in the ten- 
sile strength and reduction of area curves. (See Fig. 62.) 

J. C. W. Humfrey: Influence of Intercrystalline Cohesion upon the Mechanical 
Properties of Metals. Iron and Steel Institute, Carnegie Scholarship Memoirs (1913) 
6, 86-99. 
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The elongation of annealed iron varies at all temperatures with the 
grain size; small grains favor high elongation. Fig. 62 shows the varia- 
tion in elongation of annealed iron with variation in grain size and in 
the rate of loading. A decrease in elongation was not found between 
800° C. and 900° C. corresponding to the brittle zone in Armco iron re- 
ported by Brooke and Hunting. There seemed to be an increase in 
elongation in this range rather than a decrease. 

Speller^^ also shows an increase in elongation in low-earbon steel at 
800° C. The temperature region between 800° C. and 900° C. is the 
region of most rapid grain growth in iron between its recrystallization 
temperature and 1050° C. Its increased elongation may be due to 
a spontaneous annealing during test or to the fact that beta iron does 
not have the same elongation as alpha iron. 

The elongation of the iron wires that have been worked below their 
annealing temperatures seem to show one common characteristic, 
namely, their elongation decreases above room temperature up to 100° C. 
Between 100° C. and 330° C., the elongation increases, then decreases 
again from 330° C. to 450° C. at which temperature an incipient annealing 
seems to cause a general increase in elongation. 

The interpretation that I make of this phenomenon assumes the 
existence of an additional allotrope in iron.^® It is probable that the 
change from one allotrope to the other is gradual with change in tempera- 
ture because it occurs in a region that does not permit grain growth. It 
seems that the allotrope is in the process of transformation between room 
temperature and about 400° C. or 450° C. The transformation may not 
be complete even at room temperature. With this assumption, the elon- 
gation curves of worked iron below the annealing temperature obey the 
laws given above for copper and tungsten within the temperature range 
of any one allotrope. In the transformation range between the two 
allotropes the elongation will vary in an irregular manner. The elonga- 
tion in the allotrope that exists between 400° C. and beta iron is greater 
than that of the allotrope stable at room temperature. This is shown 
by the fact that both samples 1-2 and 1-12 have greater elongation at 
450° C. than at room temperature. It is also suggested by the fact that 
all the worked wires have higher elongation at a temperature between 


W. J, Brooke and F. F. Hunting: Note on the Microstructure of Commercially 
Pure Iron between Ars and Ar 2 . Journal, Iron and Steel Institute (No. 2, 1917) 96, 
233-260. 

F. N. Speller: Discussion of paper by White and Wood, Recrystallization as a 
Factor in the Failure of Boiler Tubes. Proceedings, American Society for Testing 
Materials (1916) 16, Pt. 2, 112. 

This has been suggested many times before but has never been strongly backed 
up nor accepted. The present evidence, it is thought, will be sufficient to establish 
the existence of the low-temperature allotrope beyond reasonable doubt. 
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330° C. and 450° C. than at room temperature. The elongation above 
the annealing temperature increases with the rate of loading but not to 
so marked a degree as in copper. 

Tensile Strength of Iron Wire , — The general temperature-tenacity 
curve of annealed iron is shown in Fig. 61. It corresponds very well with 
the curve drawn from the combined data of Hadfield,^® Huntington, 
and Rosenhain and Humfrey;^^ it is also in good agreement with 
Speller^s^^ curve. 

It will be considered that the increase in tensile strength between 0° 
and 200° C. is caused by allotropy. The reasons for this assumption 
are as follows: The tenacity will depend on the path of rupture along 
the amorphous slip planes generated during the tensile test and on the 
ability of the iron to break by degrees. The tenacity of the amorphous 
phase must decrease with increase in temperature and therefore the path 
of rupture along the amorphous planes must be much greater at 200° C. 
in iron than it is at room temperature. This greater path of rupture 
must be caused by a difference in the deformational properties of the 
crystalline phase, that is, the slip planes must form at different angles. 
The resistance to deformation of the crystalline phase should also be 
greater to produce the greater path of rupture along the slip planes. 
This condition necessitates a different arrangement of the atoms within 
the grains of iron at 200° C. from that at room temperature. A different 
arrangement of the atoms can mean nothing short of allotropy. Of 
course we do not expect the grain size to change at this allotropic point 
because it occurs in a region in which grain growth is not possible in 
iron. The change must therefore be brought about by a change in the 
positions of the atoms within the grain itself. The amorphous sheath 
around any grain will remain intact during the transformation and the 
transformed grain on cooling will have the same boundaries as the initial 
grain. The grains we observe at room temperature are pseudomorphs. 
The maximum strength, which occurs between 200° C. and 300° C., 
should occur when the atoms are partly in the arrangement of one 
crystal form and partly in the other. This is a condition that should 
produce both a long path of rupture along the amorphous planes and 
greater uniformity of time of rupture of the various parts. 

This fact is demonstrated nicely by the tenacity of the iron wires drawn 
below the annealing temperature. The wire reduced 96 per cent, by 


20 Op. cit. 

21 A. K. Huntington: Effect of Temperature on the Tensile Tests of Copper and 
Its Alloys. Joumalj Institute of Metals (No. 2, 1912) 8, 126-148. 

** Walter Rosenhain and J. C. W. Humfrey: Tenacity, Deformation and Fracture 
of Soft Steel at High Temperatures. Journalj Iron and Steel Institute (No. 1, 1913) 
219. 

** Op. cit. 
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drawing at room temperature (I-l) is not as strong at any temperature 
above as it is at room temperature. The discontinuity in the tenacity 
curve, however, is evident. The amount of deformation on this wire 
has been so great at room temperature that a considerable amount of 
amorphous material has been generated within the deformed grains. 
On heating this wire to 200° C., the amorphous phase becomes weaker 
than at room temperature but the crystalline phase increases its resistance 
to deformation due to the change into the new allotrope. The tensile 
strength at 200° C. will therefore be a weighted average between the 
decrease in strength due to the amorphous phase and the increase due 
to the crystalline phase. Since the amorphous phase controls as regards 
rupture this wire does not become stronger with increase in temperature. 
Due to the added resistance to deformation in the crystalline phase, 
however, and to the fact that the small crystalline fragments within the 
deformed grains must deform to a certain extent before the wire can 
break at 200° C., the tensile strength has not decreased as much as 
would be indicated by the decrease in strength in the amorphous phase 
alone. 

On the other hand, the wires that were drawn at 275° C. were de- 
formed in a region in which deformation caused the generation of amor- 
phous material along irregular paths, that is, the path of rupture along 
the amorphous planes would be large. Consequently sample I-IO, 
which was reduced by drawing at 275° C. only 32 per cent, in area, was 
not only stronger than I-l at the higher temperatures but was also 
stronger at room temperature. During the deformation at 275° C., 
a long ’path of rupture along the amorphous planes was produced and on 
cooling to room temperature this amorphous phase increased in cohesion 
but the crystalline fragments decreased in cohesion. The amorphous 
phase being the controlling one makes this wire stronger at room tem- 
perature than I-l. 

The marked increase in strength of iron on cooling from 450° C. to 
330° indicates either a rapid increase in the path of rupture along amor- 
phous planes or a more simultaneous rupture. Either of these might be 
the result of a more or less chaotic arrangement of the atoms, that is, 
atoms partly in the arrangement of one allotrope and partly in the other. 
All of these facts strongly suggest that the process of deformation in iron 
between room temperature and 450° C. produces a long path of potential 
rupture through the amorphous metal. 

There seems to be no discontinuity in the specific heat or coefiicient 
of expansion of iron in, the region of this allotrope. There is, however, 
a discontinuity in the electrical resistivity. It is probable that there 

A. R. Meyer: Tiber die Anderung des Elektrischen Widerstandes reinen Eisens 
mit der Temperatur in dem Bereiche, 0° bis 1000° C. Berichte Deutschen Physi- 
calische Gesellschaft (1911) 9, 680. 
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may be discontinuities in the other properties but when the difference is 
distributed through a temperature interval of 400'" C. the discontinuity 
may be masked. 

The tensile-strength curves of iron below the annealing temperature 
furnish a striking verification of the hypothesis that the mechanical pro- 
perties of a metal can be accounted for by the variation of the mechan- 
ical properties of the two phases and the quantity and. arrangement 
of each within the metal. No matter how much work is put on iron at 
room temperature the metal shows a discontinuity in tensile strength 
above room temperature, but its discontinuity is not as marked as in 
annealed iron; this is in accordance with the proposition that the 
properties of the amorphous phase are not affected by allotropy, that the 
amorphous phase is increased in quantity by cold working, and that a 
large part of the metal within a deformed grain is crystalline. 

A gradual decrease in tenacity was observed in passing from the alpha 
to the beta condition, but a marked increase in tenacity was observed 
in passing from beta to gamma iron. This increase must again be 
interpreted as a condition that makes a longer path of rupture through 
the amorphous phase in the gamma iron than in the beta iron coupled 
with a higher resistance to deformation of the crystalline phase. Gamma 
iron was found to be about 25 per cent, stronger at 1000° C. than beta 
iron at 835° C. It is obvious that the crystalline phase of gamma iron 
has a higher resistance to deformation than the crystalline phase of beta 
iron. 

Grain growth seems to be determined, to a large extent, by the hard- 
ness of the material. Grain growth will take place more easily in beta 
iron just below the transformation range than in gamma iron just above 
the transformation range. This grain refinement can only be respon- 
sible, however, for a small part of the increased tenacity in the gamma 
iron; the major portion must be due to the generation of a long potential 
path of rupture within the gamma iron by deformation. This is analo- 
gous to the rapid hardening of manganese steel by cold deformation. 
Manganese steel has the same crystal structure as gamma' iron. If a 
small amount of deformation hardens manganese steel markedly, it 
must at the same time generate a relatively large amount of amorphous 
material for a given amount of deformation. 

The rate of loading affects the tensile strength of iron in a manner 
similar to that described for copper. No attempt was made to deter- 
mine the effect of variation in the loading rate at the lower temperatures. 
Since making these tests, however, I note that Dalby^^ has reported the 
difference in properties between iron tested with rapid and slow loading 


25 W. E. Dalby : Researches Made Possible by the Autographic Load-extension 
Optical Indicator. Journal, Institute of Metals (No. 2, 1917) 18 , 5-43. 
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at room temperature. He finds very little difference in the tenacity but 
finds that the elongation in 5 in. increases from 24 per cent., with slow 
loading, to 29 per cent., with rapid loading. 

The reason allotropy is supposed to be caused by changes in the 
positions of the atoms rather than by changes within the atoms is that 
the strictly atomic properties do not seem to be affected by temperature 
in a manner at all comparable with the changes of the interatomic prop- 
erties. Radium, for example, has the same rate of emanation in all 
physical and chemical states. Since differences in temperature represent 
differences in energy of motion of the atoms, the cohesion properties 
would be affected greatly by change in temperature, whereas the atomic 
properties might be affected little or not at all. We might compare 
radium atoms to incandescent lamps. If we suppose that the light 
given off by the incandescent lamps corresponds to the emanation from 
the radium atoms, a group of these lamps at rest with the electric current 
turned on will correspond to a group of radium atoms at absolute zero. 
If we set the lamps in motion, their kinetic energy will correspond to the 
kinetic energy of the radium atoms caused by an increase in temperature. 
The quantity of light given off by the lamps in motion will be the same as 
the quantity given off at rest and consequently the kinetic energy of the 
lamp taken as a whole will not affect the rate of light emanation. If the 
emanation depended on the kinetic energy of the atoms, it would be an 
interatomic property and would vary with the temperature. All of this 
indicates that the radium emanation is an atomic property and hence 
not affected by temperature, at least within the ranges so far tested. 
Since allotropy is governed by temperature, it is assumed that it is an 
interatomic property rather than atomic. 

Of course the primary cause for allotropy must be attributed to cer- 
tain properties of the atoms, but this should be due to interatomic 
forces that are probably directional and give the atoms the ability to 
form in the regular arrangement of the crystalline phase. Since the inter- 
atomic forces permit different positions of the atoms relative to one an- 
other as their kinetic energy changes, it is logical to assume that certain 
positions coupled with given atomic forces would produce an entire 
change in the equilibrium and hence a new system of arrangement of the 
atoms would produce what we call allotropy. If allotropy depends on a 
systematic arrangement of the atoms, the amorphous phase cannot be 
allotropic because the atoms are arranged in a random manner. 

The rate of transformation from one allotrope to another should 
depend on the cohesion of the metal at the temperature at which the 
change should take place. If the temperature is high and the cohesion 
low, the change will be effected easily; but if the temperature is low and 
the cohesion high, the change will take place reluctantly. It seems 
that the low-temperature allotrope in iron is in the process of change from 
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a temperature around 400° C. to room temperature, whereas the high- 
temperature allotropes change completely from one to another either at a 
given temperature or within a very small temperature range. 

In the transformation of the low-temperature allotrope, there should 
be two opposing forces; one, the force tending to produce the change that 
will be greater the lower the temperature; the other, the force tending to 
resist the change, that is, the force of cohesion that will be greater the 
lower the temperature. If the latter force increases at a faster rate than 
the former and is greater than the former, the transformation will not 
take place. However, when iron is cooling from 400° C. to room tempera- 
ture, its cohesion increases until a temperature of about 250° C. is reached, 
below which it decreases until room temperature is reached. But this 
decreased cohesion is caused by the allotropic change, so we may conclude 
that the force tending to produce the change in pure iron is greater than 
the force resisting it. 

When we increase the cohesion of iron by cold working or by the 
introduction of alloying elements, we increase the force resisting allo- 
tropic transformation and may prevent it. This is a plausible explana- 
tion for the change in elastic limit and tensile strength of hard-drawn 
iron and steel by heating to a temperature in the neighborhood of 300° C. 
If the iron or steel has been drawn cold, the amorphous phase will have 
been greatly increased in quantity and hence the cohesion will have been 
increased. Each fragment of crystalline material that is then in the form 
of a softer allotrope will, when the metal is heated to 300° C., change over, 
at least partly, into the stronger allotrope. The resistance to change 
from a soft allotrope to a hard one should be less than the resistance to 
change from a hard allotrope to a soft one, for the reasons given. The 
change from the soft to the hard allotrope will have been in process while 
the metal has been heating and while soaking at the highest temperature 
reached; this will be the temperature of the least cohesion and hence it 
will offer the least resistance to the change in position of the atoms. The 
cohesion will actually increase at constant temperature as the allotropic 
change progresses. As soon as cooling begins, the cohesion is increased 
still further, hence the resistance to the reversed allotropic change in- 
creases. On reaching room temperature, the crystalline fragments may 
not have changed back to the soft allotrope, which would be the reason 
for the increased elastic limit and tensile strength. 

Even some of our alloy steels that have been quenched from above 
their critical ranges and tempered at a temperature under 600° C. have 
probably retained the iron in the form of the hard low-temperature 
allotrope. The annealed alloy steels of the same composition, however, 
will be soft enough to have permitted the change into the softer allotrope. 
The following tests by W. E. Ruder on a nickel-chromium steel substan- 
tiates the above. This steel in the annealed condition had a tensile 
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strength of 101,500 lb. per sq. in. (71.05 kg. per sq. mm.). When the 
annealed sample was reduced cold 10 per cent, in area, its tensile strength 
was 114,200 lb. per sq. in. (79.94 kg. per sq. mm.). When the same steel 
was reduced the same amount at 300° C., its tensile strength at room tem- 
perature was 137,600 lb. per sq. in. (96.32 kg. per sq. mm.). This shows 
that the annealed sample contained the free iron at room temperature 
largely in the form of the soft allotrope and that at 300° C. the hard allo- 
trope had formed and the deformation was produced in it. The cohesion 
may have been increased at 300° C. enough to have prevented some of 
the change from the hard allotrope to the soft on cooling to room tem- 
perature. However, since the cohesion of the hard allotrope is actually 
greater at 300° than that of the soft allotrope at room temperature, the 
difference^n quantity and arrangement of the amorphous phase produced 
by the deformation must have played a large part in this increased 
cohesion. 

On the other hand, when the heat-treated alloy steel that has been 
tempered under 600° C. is deformed at room temperature, it is found 
that the increased cohesion is nearly the same as if the deformation had 
been effected at 300° C. This strongly suggests that the iron is in the 
same form at room temperature in the heat-treated steel as at 300° C. 
and that at both temperatures the iron is in the form of the harder 
allotrope. 

Reduction of Area of Iron ,- — The reduction of area of annealed iron 
increases as the temperature increases from — 190° to 100° C. It shows a 
discontinuity between 100° and 450° C. but the temperature of minimum 
reduction of area, as shown in Fig. 63, does not correspond to that of 
minimum elongation, as shown in Fig. 62. The reduction of area in- 
creases as the grain size decreases at all temperatures. Above the 
annealing temperature, the reduction of area also increases with the rate 
of loading. There is a general decrease in reduction of area above 575° C. 

All of the Armco iron wires drawn below the annealing temperature 
show discontinuities in the reduction of area curves between room tem- 
perature and 450° C. It is thought that these discontinuities are caused 
by allotropy, as discussed in connection with the elongation and tensile 
strength. 

Effect of Diameter of Wire on Mechanical Properties 

The smallest wire tested was sample 1-12, which had a diameter of 
0.023 in. (0.5842 mm.); the largest wire was T-4 with a diameter of 0.028 
in. (0.7112 mm.). The rest of the samples were 0.025 in. (0.635 mm.) in 
diameter. It is logical to suppose that the structure of a small wire 
is more uniform than that of a piece of the same material with a larger 
cross-section. The deformation in cold working can be extended to the 
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axis in a small wire more easily than in a large wire. On the other hand, 
the non-metallic inclusions, like slag in a metal, do not extend during 
cold drawing; the metal is drawn around them. These become relatively 
larger, therefore, as the wire becomes smaller, and hence their influence 
on the mechanical properties is proportionately greater in a small cold- 
drawn wire than in a larger hot-rolled or hot-forged piece. ' In small 
annealed wires the mechanical properties are not the same as in large 
wires with the same grain size. Table 26 illustrates this point. 


Table 26.^ — Effect of Diameter and Grain Size on Mechanical Properties 
of Annealed Armco Iron 


Diameter, 

In. 

Grains per 

Sq. Mm. 

Tensile j 

Strength, ; 

Lb. per Sq. In. j 

Elongation in 

2 In , Per Cent 

Reduction of 
Area, Per Cent. 

Number of 
Grains Across 
Diam. of Wire 

0 204 

400 

41,000 

30 0 

76 0 

100 

0.025 

810 

48,550 

12 5 

76 0 

18 

0 023 

2680 

48,200 

23 7 

78.5 

30 


The number of grains exposed on the whole cross-section of the wire 
is more of a criterion as regards elongation than the actual grain size. 
It is obvious that with any given grain size we could have a wire so small 
that its whole cross-section would be occupied by one grain. No matter 
how small this wire nor how small the grains composing it, its properties 
would never approach those of a larger wire composed of grains of the 
same size. Glass, when broken in tension at a red heat with rapid 
loading, may show several hundred per cent, elongation. This may be 
considered analogous to a metal with as many grains on a cross-section 
as there are atoms on the cross-section of the piece of glass. The analogy 
is not perfect because the atoms do not permanently deform. 

The mechanical properties of an annealed metal will depend on 
the actual grain size and the number of grains on a cross-section. With 
grains of a given size, the larger the cross-section of the piece of metal 
the more will the random orientations tend to counterbalance the direc- 
tional properties of the grains. 

A metal rod with a diameter equal to that of the earth might be com- 
posed of grains as large as houses and still its elongation when broken in 
tension would be greater than that of a wire 0.001 in. (0.0254 mm.) 
diameter composed of grains about 0.001 in. diameter. It is probable that 
the variation in diameter of a wire will cease to be important as regards 
variation in elongation with a given grain size when the number of grains 
on a cross-section is sufficient to nullify the general directional properties. 
The elongation in a given length will always be influenced by the diame- 
ter of the wire or rod on account of the tendency of most metals to 
‘‘neck’^ at the point of fracture. The greater the necking and the larger 
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the piece, the greater will this factor influence the measured elongation 
in a given length. 

The number of grains on a cross-section of a wire or rod also influences 
the reduction of area. As previously mentioned, cold-worked copper 
often shows a greater reduction of area than annealed copper. The 
reason for this is probably the great number of deformed grains of copper 
on a cross-section of the test piece as compared to the fewer grains on 
the annealed piece. If two pieces of copper have' the same number of 
grains on a cross-section and one piece has been cold worked and the 
other annealed, the latter will have the greater reduction of area. 

A small cross-section seems always to favor high reduction of area. 
This is probably due to the fact that the surface portions have so much 
farther to travel when a large piece necks. 

Certain factors should be directly dependent on the grain size irrespec- 
tive of the cross-section of the piece of metal : These are the degree in which 
the intercrystalline amorphous film (assuming a given thickness) in- 
creases the resistance to deformation of the interior crystalline portion 
and the internal deformation of a grain of given size, orientation, and 
direction of load. 

General Considerations on Properties of Metals at Very Low 

Temperatures 

Since the high-melting-point metals, like tungsten and molybdenum, 
become brittle on cooling to room temperature and iron approaches brit- 
tleness at liquid-air temperature, it might be concluded that all metals 
will be brittle at some very low temperature. F. A. and C. L. Linde- 
mann^® have made tensile tests (for tenacity only) in liquid air ( — 192° C.) 
and liquid hydrogen ( — 252.6° C.) on very small wires (0.05 mm. diam.) of 
aluminum, iron, nickel, copper, silver, gold, and platinum and on a wire 
0.11 mm. diameter of lead. The authors make the sweeping statement 
that “the wires became very brittle at low temperature and showed a 
marked tendency to break so that these measurements are only accurate 
within about 10 per cent. Zinc and bismuth were so brittle that they 
could not be measured at all. ” Unfortunately, the wires, with the excep- 
tion of lead, must have been cold worked and some of them in addition 
were alloyed with strengthening metals. This is strongly indicated from 
the results at room temperature. We know from Hadfield^s results and 
those reported in this paper that all these metals are not brittle in liquid 
air. Will they become brittle in liquid hydrogen or at still lower tempera- 
tures? Must all metals become brittle at absolute zero? 

Probably most ductile metals will become brittle as absolute zero is 

Note on the Tensile Strength of Materials at Low Temperatures. Festschrift, 
W. Nernst,^’ 264-65. Halle a.d.S., 1912, W. Knapp. 
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approached for the same reasons that tungsten becomes brittle at room 
temperature. There is no physical reason apparent, however, why a 
metal could not be deformed near absolute zero. The criterion would 
be its ability to generate amorphous metal at the slip planes. 

Furthermore, a crystal that assumes cleavage brittleness at a certain 
low temperature may be deformed under high pressure. A crystal of 
brittle calcite, for example, can be enclosed in a steel tube and can thpn 
be deformed when the tube is rolled. The statement can be made, 
therefore, as a prediction subject to further verification, that if no metal- 
lic crystals are deformable near absolute zero under ordinary pressure they 
can be deformed at that temperature under sufficiently high pressure. 
Also, the generality should hold that all metals that assume intercrystal- 
line brittleness at low temperatures will retain ductility at lower tempera- 
tures in the fibrous (cold-worked) than in the annealed state. 

General Considerations on Physical Properties of Complex 

Alloys 

A careful analysis of the properties of any alloy composed of more 
than one metallographic constituent can be made by the general method 
described for the single constituent metals. The properties of each 
component and each phase must be ascertained and the arrangement 
and quantity of each phase will then serve as a guide to interpret the 
properties of any mixture taken as a whole. 

Let us consider the mechanical properties of high-carbon annealed 
steel in which a network of cementite surrounds pearlite. The two main 
entities are cementite (FcsC) and ferrite (pure iron). The cementite is 
partly in the network and partly in thin sheets alternating with some- 
what thicker sheets of ferrite to form pearlite; all of the ferrite is in the 
pearlite. Cementite is hard and undeformable, while the ferrite is soft 
and ductile. If there are grains of cementite, we would expect amorphous 
iron carbide between them. If any grains of ferrite are present with 
different orientations abutting one another, there will be amorphous iron 
between them. What exists at the junction between ferrite and cemen- 
tite? I believe an amorphous solution of iron carbide in iron. This 
solution may gradually enrich in iron near the ferrite and in iron carbide 
near the cementite. There are therefore two crystalline materials and 
three amorphous materials present, no two of which have the same prop- 
erties at any given temperature nor obey the same laws of change in 
properties with change in temperature. There are also many possible 
variations in the quantities and arrangements of these constituents. It 
is no wonder that high-carbon steel is a treacherous alloy and is noted for 
its great variety of mechanical properties under different treatment 
conditions. 
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The weakness of high-carbon steel having a cementite network 
structure is no doubt due to internal stresses caused partly by the different 
coefficients of expansion of cementite and pearlite. Fracture takes place 
at the cementite network. Cementite is practically undeformable. 
Ferrite is very ductile. Pearlite made up of alternate sheets of cementite 
(13.5 per cent.) and ferrite (86.5 per cent.) is somewhat deformable 
because the path of rupture along the cementite-ferrite junctions is so 
great that the plates of cementite break during the early stages of rupture. 
This forces the ferrite to take the load, and it will not rupture without 
deformation. The net result after complete rupture is a total deforma- 
tion greater than that of cementite but less than that of ferrite. When 
the cementite of the pearlite is changed from sheets into globules by heat 
treatment, the pearlite becomes very ductile. The ferrite deforms and 
leaves the cementite globules intact much the same as if they were slag. 

The modulus of elasticity of each constituent will play a role in the 
interpretation of the mechanical properties of alloys. Young's modulus 
itself may not be so important as the actual amount of stretch possible 
before permanent deformation. begins. 

The chief value of the proper interpretations of the properties of 
metals and alloys is the assistance rendered in making predictions as to 
their properties under various conditions. If the interpretations are 
correct, the predictions will in the main be correct. Space does not per- 
mit the further discussion of this important aspect of the subject but it is 
of interest to note that some predictions from the general data outlined 
in this paper have been made and the results have been surprisingly 
accurate. 

The method of attack, which these ideas suggest, on the phenomena 
encountered in solid solutions will be pointed out. A solid solution 
consists of two phases, crystalline solid solution and amorphous solid 
solution. Why is a solid solution harder than a pure metal? Certainly 
the amorphous solid solution is harder than the pure amorphous metal; 
the crystalline phase probably is also. But the melting point of a solid 
solution is usually lower than that of the higher-melting-point component, 
so within a certain high temperature range the cohesion of the amorphous 
solution is less than that of one of the pure amorphous metals. Condi- 
tions are reversed at low temperatures. Therefore the rate of increase 
in cohesion with decrease in temperature is greater in a solid-solution 
amorphous phase than in a pure-metal amorphous phase. If physicists 
can explain this fact we need look little further for the explanation of 
the cohesion properties of solid solutions. But it is also probable that 
the solid-solution crystalline phase shows a similar increase in cohesion 
above that of the pure-metal crystalline phase on cooling from a high 
temperature. Both of these statements are subject to experimental verifi- 
cation. As soon as the physicists can explain the greater rate of change 
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of cohesion with change in temperature in solid solutions they will have 
explained what is now a mystery, namely, the greater cohesion. This 
explanation should also account for the observed changes in electric 
and heat conductivity. 

The following suggestions relate to pure components and solid solu- 
tions: The amorphous phase contains more heat energy at the melting 
point than the crystalline phase because the latter has given up its heat 
of crystallization. Assuming that both phases contain no heat at abso- 
lute zero, the amorphous phase must lose heat energy on cooling at a 
faster rate than the crystalline. But the rate of losing heat energy con- 
trols, to a certain extent, the rate of change of cohesion. This, coupled 
with the random arrangement of the atoms, probably accounts for the 
greater rate of change of cohesion in the amorphous phase. 

Other apparent factors influencing the cohesion of a solid solution 
are the different atomic forces and the different size and, possibly, shapes 
of the atoms. These factors should influence both the amorphous and 
crystalline phases. We would expect greater cohesion in a crystalline 
material made up of atoms of different size than in one composed of atoms 
of the same size. The same is true of the amorphous phase. 

Summary 

A MORE complete interpretation of the amorphous theory in metals 
is given than has heretofore been offered. It is believed that Le Chate- 
lier, Tammann, and Heyn, at present the ablest opponents of the amor- 
phous theory, will not be able longer to continue their beliefs that surface 
tension alone can account for all the observed variations in the properties 
of single constituent metals. 

It is strongly advocated that the properties of any solid substance 
be studied from the standpoint of the number of constituents present, 
the quantity and arrangement of each constituent, and the properties 
of each constituent. Each deformable crystalline constituent by plastic 
deformation will produce amorphous material, thus changing the 
properties. 

Considerable attention is given to the variations in properties of the 
amorphous and crystalline phases of any substance. These are sum- 
marized as follows: 

1. The cohesion of the amorphous phase of a substance is substan- 
tially zero at the melting point while the cohesion of the crystalline phase 
is considerable at the melting point. With decrease in temperature, the 
cohesion of the amorphous phase increases at a faster rate than that of 
the crystalline phase; this differential rate of change of cohesion holds 
between absolute zero and the melting point. At a certain temperature 
for each substance, the cohesion-temperature curves of the amorphous 
and crystalline phases intersect. In most ductile metals, this intersection 
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occurs at about 0.35 to 0.45 of the absolute meltitig point. This point 
of intersection has been called the '^equi-cohesive^^ temperature; below 
it the amorphous phase is not only more cohesive than the crystalline 
but it increases in cohesion with decrease in temperature at a faster rate 
than the crystalline phase. Above the equi-cohesive temperature, the 
amorphous phase is not only weaker than the crystalline phase but its 
cohesion decreases with increase in temperature at a faster rate.r The 
equi-cohesive temperature corresponds closely to the lowest recrystalli- 
zation temperature of a metal after severe cold work. Recrystallization 
seems to be caused by grain growth and grain growth does not seem to 
take place until a temperature is reached at which the amorphous phase 
is softer than the crystalline. These facts, coupled with a knowledge 
of the arrangements and relative quantities of the amorphous and crystal- 
line phase, enable one to account for the observed mechanical properties 
of a metal. 

2. The coefficient of expansion of the amorphous and crystalline 
phases of a substance, in general, should vary inversely as their cohesion. 
The rate of change of expansion with change in temperature should be 
great in the amorphous phase and small in the crystalline phase. There 
should be a temperature of equal expansion but this may not correspond 
to the temperature of equal cohesion. The same analogy may be con- 
sidered for the modulus of elasticity and other related properties, such as 
compressibility. 

• The difference in coefficient of expansion between the amorphous and 
crystalline phases may cause intercrystalline brittleness in a metal at 
low temperatures. The temperature at which a metal becomes brittle 
on cooling can be made lower by changing the arrangement of the amor- 
phous phase into a less commanding position. For example, equiaxed 
tungsten becomes brittle between 100° and 200° C. on cooling. By chang- 
ing the equiaxed to a fibrous structure, the metal retains useful ductility 
at and somewhat below room temperature. 

3. If a non-allotropic metal is worked below its recrystallization 
temperature, its elongation and tenacity increase below the temperature 
at which it was deformed and decrease above it up to the recrystalliza- 
tion temperature. 

4. The rate of deformation of the amorphous phase with a given 
absolute cohesion is much less than that of the crystalline phase at a 
temperature of' equal cohesion. At the equi-cohesive temperature, for 
example, the amorphous phase deforms slowly under a given load while 
the crystalline phase deforms quickly. The measured equi-cohesive 
temperature will be higher, therefore, the shorter the time of test. This 
causes the strength, elongation, and reduction of area of metals tested 
above their recrystallization temperatures to increase. The amorphous 
phase may remain within its elastic limit with a short duration of a 
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given load and deform with long duration; the permanent bending of 
glass rods and tubes after resting months or years in bent positions would 
be due to this factor. The same pieces of glass could be bent at room 
temperature and would come back to their original positions if they were 
held in their bent positions a short time only. The lag in expansion and 
contraction of such hard amorphous materials as fused silica is no doubt 
caused by this same phenomenon. 

5. This idea that the amorphous phase deforms at a slower rate than 
the crystalline is not consistent with the idea that the amorphous phase 
itself passes through a mobile state during deformation. It is more 
probable that the mobile state occurs while the amorphous phase is in 
the process of formation at the slip planes; the mobile state is the one 
permitting a slip and this generates amorphous material. In overcoming 
the momentum of the slip, the atoms of the amorphous phase are probably 
left in a state of strain immediately after deformation. The slow adjust- 
ment of the strained amorphous metal should account for the observed 
changes in properties with age, in such metals as iron. The same reason- 
ing holds for the amorphous phase at grain boundaries. Adjustment of 
atoms and removal of strain take place after an annealed metal is cooled; 
in hard metals this change will be slow and in soft metals rapid. 

6. The mechanical properties of iron can be explained best by assum- 
ing that an allotropic change occurs between room temperature and 
450° C. All the tensile properties of both annealed and cold- worked iron 
show discontinuities in this temperature range. Annealed iron is 20 to 
25 per cent, stronger between 200° and 300° C. than at room temperature. 
This increase in strength can be imparted to the metal at room tempera- 
ture by working in the region of the stronger allotrope. It is assumed 
that allotropy is associated with the crystalline phase only, that is, it is 
caused by a change in the arrangement of the atoms. If allotropy proves 
to be due to a change within the atom, these views can be easily adjusted 
to the new idea. 

7. The mechanism of rupture is discussed. If a crystal breaks with- 
out deformation, it is probable that ho amorphous material is generated 
at the planes of fracture. The ability of a crystal to be deformed depends 
absolutely on its ability to generate amorphous metal at points of incipi- 
ent rupture. Rupture takes place by degrees, that is, all parts of the 
fracture do not separate at the same time; ductility favors rupture by 
degrees. The reduction of area at the point of fracture is a result of 
rupture by degrees. Rupture by degrees also favors a low breaking load 
but at the same tiihe it tends to make a long path of ruptiue. The bal- 
ance of these two tendencies will control the breaking load and reduction 
of area and hence the elongation. The amorphous phase has the ability 
to flow like glass at relatively high temperatures but, like glass, it is 
rigid and brittle at low temperature. 

VOL. LX. — 36 . 
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8. The results of several hundred tensile tests on copper, tungsten 
and iron at temperatures between —190^ and 900^ to 1000° C. are dis- 
cussed. The results are summarized in the graphs shown in Figs. 43 
to 73 inclusive. 

9. A brief note is given dealing with the interpretation of the prop- 
erties of complex alloys. A suggestion as to the method of attack on 
the solid-solution mystery is given. 

Acknowledgments , — I wish to express my indebtedness to Mr. W. P. 
Sykes, who assisted with the tensile tests recorded. I wish to thank 
Prof. C. L. Norton and Mr. G. B. Wilkes for valuable assistance in con- 
nection with the liquid air tests. Finally, I wish to thank Mr. B. L. 
Benbow and his staff at the Cleveland Wire Division of the General 
Electric Co. for valuable assistance in connection with the production of 
the wire samples and the design and construction of testing apparatus. 

DISCUSSION 

C. H. Mathewson, New Haven, Conn, (written discussion*). — In a 
recent discussion of Dr. Jeffries^ paper on tungsten,^ J. C. W. Humfrey, 
after taking exception to certain of the author ^s ideas relative to the 
cohesion of A and C metal, expresses the opinion that future research is 
likely to develop a method of preparing tungsten possessing “mechanical 
properties in line with those of other metals. The present paper by 
Dr. Jeffries begins with a determination of comparative properties of 
tungsten, copper, and iron, in which much dissimilarity is apparent, 
and ends with a coherent explanation as to why much of this dissimilarity 
is natural and inevitable, thereby supplying theoretical means for vis- 
ualizing the changing properties of metals in general, once certain fun- 
damental facts are known. 

The author^s reasoning is primarily from the standpoint of the amor- 
phous theory and his principal achievement is the development of an 
idea of differential cohesion according to conditions of temperature, etc., 
between A and C metal (which was first plainly suggested by Rosenhain 
and Ewen, in their papers on Intercrystalline Cohesion of Metals) along 
with associated ideas, so as to give us a really useful working theory. 

I have come rather reluctantly to believe in the amorphous theory, or 
some theory admitting a modification of the ordinary crystalline phase 
so as to permit differential properties within the conglomerate, mainly 
because in no other way does it seem possible to account for observed 
changes of properties with temperature, etc. The very best illustration 
of the competency of the amorphous theory in this respect is seen in this 
and other recent papers by the author. All fractures through normal 
or healthy metal that have been preceded by deformation are supposed, 


* Received Feb. 17, 1919. 
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by Dr. Jeffries, to take place either through the amorphous phase or 
at certain boundaries between amorphous and crystalline material; his 
reference to fractures, both members of which are similar in appearance 
and do not reveal a preexisting coarse-grained structure because of a 
coating of amorphous metal, indicates his preference for the former 
interpretation. 

It is difficult to imagine any structure made up of crystalline grains 
surrounded by a truly amorphous cementing material — that is, any struc- 
ture in which there is an abrupt transition from a crystalline orienta- 
tion of particles to a truly amorphous orientation — which will not show 
preponderating weakness at the junction between phases. On the other 
hand, it is easy to imagine a structure in which there is material between 
neighboring grains wholly belonging neither to one nor the other, but 
passing from one orientation through a more or less neutral position or 
subcrystalline condition to the other orientation, and such a structure 
might well reach its greatest strength in the boundary region. 

Some detail of this sort appears to be necessary because the majority 
of Dr. Jeffries^ conclusions are based on a process of weighting averages 
from a specific assignment of properties to an amorphous component and a 
crystalline component. Ordinarily, allowance would need to be made for 
the cohesion or attraction between these phases, but on the above assump- 
tion of continuity this would not seem necessary, as every property would 
pass from one extreme to the other without discontinuity. 

Dr. Jeffries^ cites cold coarse-grained zinc as a brittle metal that, at 
the fracture, shows grains reflecting light directionally owing to an 
absence of amorphous metal on the surface of fracture. Cold zinc is 
an admirable example of something that must be placed in a class inter- 
mediate between easily deformable^' and ‘^brittle." It can be worked 
cold, but with greater expenditure of energy than when heated and with 
greater likelihood of complicated fracture before the grain becomes mate- 
rially refined. If all the elements of fracture through different crystals 
are brought into one plane they cannot be distinguished from one another 
either by direct observation with any variety of illumination or under any 
form of microscopic examination. Either the fractures are all through one 
set of cleavage planes or the directional irregularities of the surface are 
so minute that the reflection of light takes place as it would from an 
ideally plane surface. I am thus of the opinion that no conclusion can be 
drawn as to the presence or absence of an amorphous film by simple ex- 
amination of fractured surfaces. Directional characteristics are revealed 
only after etching, straining to produce slip bands, or like methods. 
Even some forms of etching fail absolutely to develop the minute etching 
pits, which collectively furnish the evidences of orientation but leave 
surfaces that appear smooth under the highest magnifications. It is 
quite easy to develop a coarse-grained structure in a piece of rather pure 
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thin zinc sheet, originally of small equiaxed grain, by moderate local 
strain followed by annealing. If, after annealing, the piece is dipped 
momentarily in concentrated nitric acid, a surface effect similar to that 
obtainable by fine polishing is secured. It is inconceivable that any 
amorphous coating can remain on the surface as the dip can be repeated 
at will with the removal of any desired amount of metal from the surface 
and the effect remains the same. 

It would appear that the tin fracture which Dr. Jeffries contrasts 
with the zinc fracture does not reveal the original coarse-grained structure 
because sufficient deformation has taken place during the tensile test to 
produce small grain fragments and complicate the path of rupture. The 
outlines of the original grains may be visible on a polished and etched 
section near the break because the fragments from one grain, although 
differently oriented, conform somewhat to the original orientation within 
the grain. I believe, with Dr. Jeffries, that the fracture is through amor- 
phous or subcrystalline material, but see no way of demonstrating this 
visually. 

There is little satisfaction in the conventional idea that the early 
process of rectilinear shp carries with it a generation of amorphous 
material. When an annealed metal begins to accommodate itself to an 
applied stress, movements either of simple translation or of rotation into 
twinning position occur and can be observed up to a certain point, as is 
well known. A coarse-grained and etched piece of zinc strip, for example, 
when Stressed on the microscope stage shows instantaneous eruptions 
across the surface of a grain. Bands of variable, but usually quite 
appreciable, width leap across or up through the grain and lie inclined to 
the original horizontal place of the grain. Unquestionably, a movement 
in accord with the general symmetrical relationships within the grain has 
occurred : probably a movement into twinning position. It seems to me 
that any unsymmetrical disturbance of the molecules must have been 
confined to the grain boundaries where several systems meet and conflict. 
Should there not be an increase in the amount of amorphous material at 
the boundaries with every movement of this sort? 

The movements of simple translation are also instantaneous and 
give the impression that blocks of material have jumped from one 
position of equilibrium into another. I would also expect these move- 
ments to effect some sort of dislocation at the grain boundaries rather 
than along the places of shp. As the stress builds up, these movements 
within the grain may well be expected to lose their simple character; per- 
haps the thickened or strengthened boundaries resist load from within 
and cause a kind of crumphng effect, which brings about a shght change 
of orientation from block to block within the grain. This is the beginning 
of a true fragmentation, which increases with the degree of deformation 
and ultimately, after very severe deformation, produces fragments that 
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in the case of brass, must measure more than 1,000,000 to the square 
millimeter because the first visible recrystallized units are at least as 
small as this. 

I cannot see where our ordinary micrographic observations conflict 
with the above views. The first stages of fragmentation are not visible 
because the changes in orientation within a grain are slight and the 
appearance of etching pits will not suffice to bring about a distinction 
between fragments of nearly the same orientation. ^ It is my experience 
that, after severe deformation, the etching pits are similar in neighboring 
grains; they are no longer true etching pits and give no idea of orientation, 
as individual units of definite orientation are too small for observation.^ 
The original grain boundaries may be even more prominent than before 
deformation because they are likely to etch selectively as the principal 
seat of the most electropositive (amorphous?) material in the conglomerate. 

As near as I can judge, these views differ from Dr. Jeffries^ ideas only 
in one essential respect: he believes that, during the deformation of 
annealed material below the equicohesive temperature, material within 
a given grain begins to be reinforced against further deformation by the 
development of amorphous metal along the slip-planes, immediately 
after the elastic limit has been exceeded; whereas I believe that the first 
reinforcement occurs at the grain boundaries and that no reinforcement 
begins within the grain until the grain itself is broken down into frag- 
ments of varying orientation. That this latter effect begins very soon is 
evident from the small amount of deformation necessary to bring about 
a visible refining of the grain on subsequent anneal or a visible coarsening 
if conditions are such as to induce selective growth; viz., the elastic limit 
cannot be raised greatly by such deformation as merely brings about 
movements of simple translation, and this form of deformation can 
hardly play any prominent part in reinforcing the grain-substance. 

Dr. Jeffries states that the principal difference between annealed and 
hard-drawn metal (copper) is in the quantity and the arrangement of the 
amorphous phase. Regarding the amorphous phase as something more 
of a transitional product, a little more crystalline and a little less amor- 
phous, this suits my own conception of the difference between worked and 
annealed metal. However, my idea of the arrangement of the amorphous 
or sub-crystalline phase in worked metal confers upon the latter character- 
istics that would cause it to resemble what might be called abnormally 
fine-grained annealed metal; that is, equiaxed metal free from any possible 
strain complication and finer grained than can be obtained in any ordi- 
nary way. 


2 See Jeffries^ remarks on this same subject in Trans. (1916) 66. 

3 Compare also J. Czochralski: Internationale Zeii^chriftfur Metallographie (1914) 
6, 294. 
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I call to mind in this connection Bennett’s'* observations that hard- 
dra'wn copp>er can be deposited on a rotating cathode and likewise an- 
nealed copper by proper variation of current density, temperature, and 
speed of rotation. The tensile strength varied between 30,000 to 68,000 lb. 
per sq. in.; and although no photomicrographs were included, correspond- 
ing variations in grain size were especially noted. Hardness, slight 
ductility, and very fine grain were associated with high tensile strength, 
softness, pronoimced ductility, and coarser grain, with low tensile 
strength. 

Dr. Jeffries, in his experiments with copper at a given temperature, 
obtains higher strength and lower ductility in worked samples as the 
degree of deformation increases; with annealed samples he obtains higher 
strength and higher ductility as the grain size decreases. This association 
of high ductility with small grain size as exemplified by the quoted state- 
ment, “The elongation of annealed copper at all temperatures was less, 
the larger the grain size,” gets me into difficulty. In these particular 
experiments, metal was actually annealed before test at only two tem- 
peratures, 750° and 450° C., yielding a quite coarse and a very fine struc- 
ture, respectively. Other conclusions are based on predicted changes 
of grain size as a result of annealing during test. In the case of iron, a 
sample annealed at 800° C., showing a considerably coarser grain than 
one annealed at 750° C., gives the lower elongation at any temperature 
of test. 

It cannot be argued that all simple metals or solid solutions, when 
tested below their equi-cohesive temperatures, will become more ductile 
as their grain size decreases, because examples of a contrary behavior 
are very well known. Thus, throughout, a normal annealing range 
of several hundred degrees ordinary cold-worked 70/30 brass increases 
quite as regularly in ductility as it does in grain size. Beyond a cer- 
tain temperature (which varies with the composition of the metal, the 
amount of surface exposed, the period of annealing, and the annealing 
atmosphere) the ductility commences to decrease although the grain size 
continues to increase. I have always attributed this to general dete- 
rioration of the metal, although certain other factors, such as the relation 
between area of section and grain size, may be of importance. 

If it is assumed that a metal remains normal in all respects during the 
annpaliTig treatment and if the grain sizes in question are small enough to 
more or less nullify the adverse effect of directional properties (premature 
break at a given section because directionally weak grains preponderate 
in that region), should not a decrease in grain size bring about a decrease 
in elongation for substantially the same reasons that an increase in the 


* C. W. Bennett : " Tensile Strength of Electrolytic Copper on a Rotating Cathode.” 
Thesis, Cornell University, 1912. 
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degree of deformation does? And should not this be a general property 
of all metals treated equivalently and tested below their equi-cohesive 
temperatures, so as to produce the effect of increasing reinforcement of 
the structure with the stiffer amorphous material as the grain size or 
number of inner surfaces increases? Bennett^s copper, and brass at large, 
fit this argument. Jeffries’ coarse-grained copper is not anomalous, 
for, to use his own phraseology, “its elongation at the lower temperatures 
is less than ordinary annealed copper, because it has comparatively few 
grains on a cross-section.” Doubtless orientation had something to do 
with the low elongation. 

There are no lack of reasons why coarse-grained structures might be 
expected to show impaired ductility. Such structures are usually pro- 
duced by annealing at temperatures that may be regarded as high for 
the metal in question. So much in the way of mechanical stability de- 
pends on the grain or fragment boundaries that any cause tending to 
alter their nature or continuity should have a profound effect on duc- 
tility. Annealing at high temperatures may bring minute quantities of 
dissolved or intermixed substances into reaction with the evolution of 
gas, which should collect in the weakened boundaries. A little hydrogen 
and a little cuprous oxide would produce this effect in copper. It may 
actually volatilize metal from the boundaries. 

Some of the experimental data reported by D. K. Crampton, in a re- 
cent thesis,^ have a certain bearing on this question. In these experi- 
ments, test pieces cut from severely cold-worked 70/30 brass, in. thick, 
were first annealed in duplicate sets at a given temperature. One set 
was then rolled to a very slight reduction, after which both were re- 
annealed at a temperature lower than before. Selective growth occurred 
in the first set and, as both had received identical heat treatment, certain 
conclusions as to the effect of temperature and grain size on the strength 
and ductility could be made. 

In both sets, maximum ductility occurred after anneal at 750° C.; 
that is, the effect of temperature was, in general, greater than the effect 
of grain size. Selective growth at 750° C. produced about the same 
grain size (6.38 gr. per sq. mm.) as normal growth at 825° (6.08 gr. per 
sq. m m .) but the elongation, in 2 in., of the material annealed at the 
lower temperature was 84 per cent, as against 77 per cent, in the material 
annealed at the higher temperature. As these test pieces were annealed 
in air, there has, of course, been a complication of volatilization and 
oxidation at the surface of the metal. The ordinary relationships be- 
tween mechanical properties and annealing temperatures of copper, 
brass, and other metals are so important that any theoretical effort that 

6 D. K. Crampton: “The Influence of Abnormal Grain Growth on the Mechanical 
Properties of Alpha Brass.” M. S. Report. Sheffield Scientific School of Yale Uni- 
versity, 1918. 
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may lead to a better understanding of them may be regarded as well 
spent. 

Some two years ago, in conversation with Dr. Jeffries, I called atten- 
tion to the dissimilarity between copper and brass, in that while the 
former showed about the same ductility over a wide annealing range, 
the latter continually increased in elongation over a similar range and 
I found him ready with an explanation based on the amorphous theory. 
Using the theory in its present development, a given property — say 
elongation — will vary more with the grain size at room temperature in 
the case of brass than in the case of copper because the former is further 
from its equicohesive temperature than the latter; viz., crystalline and 
amorphous copper are more nearly alike in cohesion than crystalline and 
amorphous brass. Furthermore, as Dr. Jeffries has observed in the 
results of Mathewson and Thalheimer, there may be little difference in 
the grain size of copper over the annealing range in question. This 
appears to be rather common in the annealing of copper, at any rate 
changes in grain size with the temperature in the medium range of 
annealing are not striking as in the case of brass; which, of course, aids us 
to understand the test results. 

In the upper part of the annealing range, the ductilities of both brass 
and copper diminish. In the lowest part, the ductilities again diminish; 
here there is perhaps room for some conflict of opinion. 

I shall be greatly interested to learn whether Dr. Jeffries can agree 
with me that the ductility decreases as we pass from annealed metal, 
the grain size of which is still coarse enough to permit direct observation, 
into the range of worked metal where the term '‘fragment'' may replace 
the term "grain,^' mainly because of the decreasing size of particles 
possessing the normal attributes of a crystal, whether they be called 
grains or fragments, and each surrounded by amorphous or subcrystal- 
line material which supplies the reinforcement. The action in this case 
is very similar to the action originally described, wherein part of the 
reinforcement is due to amorphous metal along true slip planes. In 
either case the reinforcement raises the load that is necessary to further 
stretch the metal, while with additional stretch the resistance increases 
owing to the formation of more amorphous material, until finally the 
amorphous metal gives way locally and follows the line of least re- 
sistance through the metal. My interpretation, however, indicates a 
clear relation between ductility and grain size; very fine grain has a 
shorter road to travel before rupture than moderately coarse grain. 

I do not mean to argue that there are no characteristic differences 
between a very fine-grained annealed metal and a coarse-grained metal 
that, by cold working, has become resolved into fragments similar in 
size to the grains of the annealed metal. There is certainly some form 
of internal strain associated with the worked metal. The two structures 
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must represent a different distribution and probably different quantities 
of amorphous material; also a different scheme of orientation of the 
component grains or fragments. It has been suggested that the original 
grain boundaries have received additional amorphous material by the 
action of slip in this vicinity. Doubtless they continue to receive 
additions during their change of shape as the bar lengthens and very 
likely the fragment boundaries subsequently formed contain quantities 
of amorphous material more or less in proportion to their age. The 
characteristic irregular lines that develop when severely worked metal is 
etched seem readily explainable in some such manner. 

The elongated and thickened boundaries are strong in tension but weak 
under certain other forms of loading. Thus a hard-rolled brass strip 
mounted lengthwise in a vise and bent back and forth fails much sooner 
than when mounted crosswise and the fracture follows the boundaries. 

In spite of the differences thus noted, I believe that the two structural 
types just mentioned are alike in the main essentials and that the great 
change in properties brought about by cold working is due chiefly to an 
extremely thoroughgoing mechanical refinement of grain. We have in 
Messrs. Bassett and Davis’ paper some very carefully prepared data on 
grain size versus hardness in cartridge brass, which may be used to 
illustrate this point. Their coarsest grains count about 8 }^ per sq. mm. 
and correspond to a Brinell hardness of about 41, while the finest grains 
that could be reported with any certainty counted about 2000 per sq. 
mm. and raised the hardness to about 75. Beyond this, the structure 
could not be resolved for counting but my own examination of similar 
material has convinced me that grains that could count more than 
1,000,000 per sq. mm. can be distinguished and these have grown out of 
an irresolvable environment of still greater fineness corresponding to a 
hardness of approximately 170. The count stands in the relation of 
1 : 235 : 1 20,000 + and the hardness values : 1 : 2 — : 4 + . From these 
figures it would appear that Brinell hardness is related to grain size 
through some exponential law: 

8 

Brinell hardness = 

V number ot grains per sq. mm. 

or = - 

V diam. of average gram, in mm. 

The value of this constant appears to be in the neighborhood of 30. 

Paul D. Merica,* Washington, D. C. (written discussion f). — 
Dr. Jeffries gives in this paper a more detailed account of his investiga- 
tions on deformation, the results of which were indicated in a general 
way in his article on the Metallography of Tungsten,® and we are 

*U. S. Bureau of Standards, f Received Feb. 17, 1919. 

® This volume. 
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indebted to him for the discovery of some very interesting and curious 
facts. Most important is his confirmation of Beilby’s experience that 
decrease of temperature would cause increase of ductility in copper. 
The possibilities of obtaining commercially valuable variations in the 
mechanical properties of wrought materials by working them at different 
temperatures are quite fascinating. But the greatest value of the experi- 
mental material of the author lies in its bearing upon the theory of plastic 
deformation in metals, and the author^s thought and speculation along 
these lines is original and highly illuminating. 

We are, it seems, being gradually forced, by the facts presented in 
these papers of Dr. Jeffries, to a more careful analysis of such phe- 
nomena as ductility, tensile strength, and brittleness in metals than has 
been given these simple appearing concepts in the past. It may well 
be found that such complex phenomena as the author describes will 
reduce to very simple terms when our analysis has finally been completed. 

Ductility, as the author points out, must depend primarily on resist- 
ance to rupture. All metals could be deformed if stresses great enough 
to produce deformation were not sufficient in some cases to produce first 
rupture. The mechanism of deformation in metals is well known in 
its general features. It occurs by progressive slipping along definite 
planes within each grain or crystal caused by shearing stresses parallel 
to those planes. The shearing stress per unit area of such a plane at 
which slip just begins is an important physical constant of the metal, and 
depends probably only on the temperature and the orientation of the 
plane in question. After slip has occurred along any plane, the regular 
arrangement of several layers of atoms or molecules at this plane has 
been disturbed; these layers are amorphous. Further slipping along 
this plane will occur under the action of shearing stresses, which will 
overcome the resistance of viscous flow of the amorphous metal; this 
stress probably depends on the rate of deformation or flow as well as on 
the temperature. The yield point of an aggregate of grains is a most 
complex function of both of these two limiting stresses and of the statis- 
tical orientation of the possible slip planes with reference to the direction 
of the applied stress. 

Although we can thus form a fairly definite picture of the mechanism 
of deformation, we know comparatively little about that of rupture. 
Where does it occur and how? Does its path lie within amorphous 
metal or within crystalline metal? Does it occur simultaneously or is 
there an initial local failure which rapidly and progressively develops 
into a complete fracture? 

The author^s results throw some light on the location of the path of 
rupture. The increase of ductility and tensile strength of copper at 
lower temperatures indicates that the breaking strength of the metal 
at the path of rupture increases with temperature decrease more rapidly 
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than the elastic limit of the crystalline me shear. It is not readily 

conceivable that the breaking strength of the crystalline metal would do 
this; one would rather expect a less rapid increase of breaking strength 
than of elastic limit. It must therefore be the amorphous metal of which 
the alteration in breaking strength is the determining factor. 

This conclusion brings with it a rather curious corollary that although 
below the author’s equicohesive temperatui*e the elastic limit in shear 
along any crystal slip plane is less than the apparent elastic limit of the 
amorphous metal, the breaking strength in shear or tension of the amor- 
phous metal must be less than that along any crystal planes other than 
those at which slip can occur. At the latter planes the breaking strength 
of crystalline metal cannot be determined as slip occurs with generation 
of amorphous metal before rupture. 

The author’s discussion of the mechanism of rupture is interesting 
and he points out the significance of the probable fact that rupture does 
not occur simultaneously. He concludes, however, that the area or 
intricacy of the path of rupture affects the measured breaking strength 
of an aggregate of grains of metal. This does not seem consistent with 
the first conclusion, for the breaking strength is the maximum stress 
that a material will bear before fracture. If fracture during the ordinary 
tensile test is progressive, the first local failure within the mass causes a 
reduction of the test load and the maximum tensile stress has been 
measured before rupture has fairly begun. The path of the ensuing 
rupture can hardly have determined the maximum stress as so measured. 

The rather curious conclusion is reached that the ultimate breaking 
strength, at least in tension, shear, or torsion, depends on the strength 
of the weakest part of the metal or on the value of the highest local 
internal stress or on both. It may therefore be related principally to: 
(1) the degree of uniformity of breaking strength of individual component 
elements of a mass of metal, or (2) the uniformity of the local internal 
stresses produced by the application of an external load. In this sense 
it would be chiefly a statistical characteristic of the particular mass of 
metal in question; i.e.j of the orientation of its grains, etc. 

This raises a question, which has been in my mind for some time. 
In view of the quite obvious complexity of our supposed simple mechan- 
ical concepts and characteristics of metals, why should we not revert for 
our fundamental investigations of deformation to the methods of Osmond 
and others, and use for this purpose individual crystals or grains? I 
believe that our progress in the interpretation of mechanical phenomena 
in metals will be slow until this simphfication is introduced, at least 
until certain fundamental facts are established. 

It is diflScult to find an explanation of the fact that although the tensile 
strength of both copper and iron increases as the temperature de- 
creases from 300° C., the ductihty of copper increases but the ductility 
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of iron decreases. The author attributes this decrease of ductility of 
iron to the fact that internal stresses set up between the amorphous and 
the cryistalline metal weaken the metal along the path of rupture. Yet 
the tensile strength does actually increase very rapidly and shows no 
indication of this weakening effect. 

The author’s suggestion as to the cause of brittleness in tungsten 
at low temperatures as being due to internal stresses set up between 
the amorphous intercrystalline metal and the crystalline grains is inter- 
esting. If the rate of contraction on cooling of the amorphous metal 
is less than that of the crystalline metal below the equicohesive tem- 
perature, as the author believes, the system of stresses set up in a struc- 
ture consisting of continuous thin walls of amorphous metal inclosing 
grains of crystalline metal on cooling would consist of a negative hydro- 
static pressure within the grains, and within the amorphous envelopes 
tensional stresses normal to the envelopes and compression in all direc- 
tions in their plane. Secondary stresses somewhat similar to shearing 
stresses would be produced at the boundary of envelopes and grains 
tending to strip envelope from grain, and thus to produce a weakening 
of the whole structure. 

S. L. Hoyt,* Minneapolis, Minn. — At present, there seem to be two 
schools in metallography, one which has adopted the amorphous-phase 
theory for the explanation of the effect of cold work, mechanical de- 
formation, etc., and one which is not ready at present to adopt this 
theory. It seems to me that this theory can at least be used as a con- 
venient means of explaining various facts that are demonstrable in the 
laboratory but the presence of this amorphous material, through our 
lack of experimental means, we are unable to prove. That we have 
failed in this direction should not necessarily hinder us from using a 
theory that is as workable as this. 

I understand Dr. Jeffries to say that fracture occurs between the 
crystals at room temperature. According to the amorphous-phase 
theory, as originally expounded by Dr. Rosenhain, if I remember cor- 
rectly, fracture occurs across the crystal. Now, is it true, assuming 
that we have amorphous material, that fracture always occurs in the 
amorphous material, whether that amorphous 'material is between the 
grains or in the grains along the slip planes? We have heard a very great 
deal lately about allotropy in iron, although those discussions had to do 
wiiii the beta and gamma phases rather than the possible presence of 
low-temperature allotropy. So far as my interpretation of the curves 
given by Dr. Jeffries, showing the variation of tensile strength, elongation, 
and reduction at variable temperature, enables me to predict, the tensile- 
str^gth curve shows that the change takes place, speaking in degrees 
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Centigrade absolute, from 300° to 500°, the curve for elongation shows 
the change to take place from 300° to 400°; and the curve reduction of 
area shows that it takes place from 300° to 600°. In other words, there 
seems to be a lack of agreement as to the temperature range over which 
this allotropic transformation has taken place, depending on whether 
the determination is that of tensile strength, reduction of area, 
or elongation. 

On page 552, the first sentence in the first paragraph reads: ‘'The rate 
of transformation from one allotrope to another should depend on the 
cohesion of the metal at the temperature at which the change should 
take place. This brings up the question of the rate of change of one 
allotropic modification into another allotropic modification, and the 
variation of that rate of change with temperature; and Dr. Jeffries brings 
up the question as to whether that change or rate of change depends on 
cohesion of the material. If it does — as we accept, of course, that as the 
temperature lowers the cohesion increases — we must assume a similar and 
corresponding increase in the rate of transformation of the one allotrope 
into the other allotrope. Prof. Tammann and collaborators have deter- 
mined experimentally the rate of crystalfization of various materials from 
their hquids; if we accept this work, we will see that the rate of generation 
of crystals of the new substance, as well as the linear velocity of crystal- 
lization or deposition about these crystal centers, is a function that 
varies in quite an irregular manner with the temperature. At least the 
variation in this function in temperature is quite different from the 
variation in cohesion. Prof. Tammann has shown that, at the equilib- 
rium temperature, that is the temperature at which the two allotropes 
could coexist in stable equilibrium, the rate of formation of crystal centers 
of the new substance is practically zero. As the temperature drops to 
below the equihbrium temperature, there is a slow and then a very 
rapid increase in the rate of formation of the crystal nuclei; but very soon 
a maximum is reached, below which temperature the rate of formation of 
crystal nuclei takes an equally sudden drop. In other words, the rate of 
variation of the formation of crystal nuclei is entirely different with 
dropping temperature from that of the cohesion. If we are to consider 
the rate of transformation of the allotrope into another, we must take 
into consideration the work that Prof. Tammann has done. 

One or two other points occur to me in this connection. If the rate of 
transformation varies directly with the rate of increase in cohesion, we 
would expect that at a very low temperature we would get a marked 
increase in the velocity of transformation. Accepting the view advanced 
by Prof Tammann, it would seem that, if temperature has such an effect 
and if we get a transformation at low temperatures that we do not get 
at the higher temperatures, we must look to some other cause as the 
explanation of it. It is true there is a transformation from austenite, 
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that is, the high-temperature modification of steel into martensite at a 
temperature slightly above that of liquid air, and that point has been 
advanced by Dr. Hanemann, as a confirmation of the view Dr. Jeffries 
advances here; that is, that the further we get from the true equilibrium 
temperature the greater will be the tendency to change. Dr. Guertler, 
in discussing this theory, pointed out that it was not at all necessary, in 
fact it was quite contrary to the generally accepted belief, for the rate 
of transformation to increase with temperature. I beheve that these 
points have an important bearing on the effect of deformation of iron in 
particular because, as Dr. Jeffries says, there is a possibility of there 
being a low-temperature allotrope. 

I should also hke to ask Dr. Jeffries if he performed his experiments 
on both rising and dropping temperature. When we investigate allo- 
tropic transformations, we usually investigate them in both directions; 
the transformation should take place in one direction on heating and in a 
reverse direction on coohng. If there is a true allotropic transformation, 
it is quite necessary that there be hysteresis; if these transformations take 
place in the reverse direction on coohng from that in which they occur on 
heating, but the temperature at the beginning of the transformation is 
lower on coohng than on heating, there will be a strong foundation for the 
assumption of allotropy. But if the tensile strength, reduction of area, 
etc. of iron, at some certain temperature, for example 200° C., are the same 
whether approached from below or above that temperature, we will have 
a temperature effect as distinguished from an allotropic effect and the 
change in properties that takes place over this range cannot be considered 
as due to allotropy or due to a phasial transformation. I assume that 
Dr. Jeffries is considering here a definite physical transformation, when 
he speaks of the variation in properties between 0° and 200° to 300°. 

Zay Jeffries, Cleveland, Ohio (author's reply to discussion*). — 
The discussions by Mathewson, Merica, and Hoyt reflect the same general 
view as that obtaining set present on evolution, namely, every one now 
believes in the general theory but there is much speculation regarding 
the precise steps leading up to the development of the higher forms of 
animal life. So too, the amorphous metal hypothesis of Beilby, Ben- 
gough, and Rosenhain and Ewen is now very generally accepted as the 
best working theory but there is and will continue to be much speculation 
as to the nature of contact between amorphous and crystalhne metal, 
the thickness of the amorphous films and their exact distribution, espe- 
cially in cold-worked metals. 

For several years I have had the opinion that the amorphous films 
between equiaxed grains were thicker in fine-grained than in coarse- 
grained samples and that the minimum thickness must be greater than 
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100 atoms. There are several reasons for the above beliefs and I hope 
to have some experimental evidence soon. An amorphous film one atom 
thick (as would be expected if surface tension forces alone predominated) 
is entirely inadequate to account for certain properties. 

With reference to Dr. Mathewson's discussion on the relation be- 
tween grain size and elongation, I might refer to the statement near 
the top of page 541, ''It would not be surprising if all metals at any 
given temperature would have maximum elongation and reduction of area 
with a certain small grain size, and either smaller or larger grains might 
produce less elongation or less reduction of area.^^ I had in mind here that 
the limiting condition with decrease in grain size would theoretically be 
reached only when the whole mass was amorphous. Certainly at low 
temperatures elongation would begin decreasing long before the metal 
reached this condition. I agree with Dr. Mathewson, in the main, on the 
relations between cold-worked metals and change of grain size in annealed 
metals. It is obvious that the shapes of grain fragments produced by 
deformation will be different from the shapes of grains in annealed 
metals and the shapes determine the 'position of the A metal, and the size 
and shape of grain or fragment determines the quantity of A metal. Sev- 
eral observations lead me to believe that the thickness of the A metal films 
at slip planes in deformed metal is greater than the thickness of the films 
between grains of annealed metal. If this is true the reinforcement would 
be greater in the former case. 

The idea has been expressed, in a number of places recently, that 
cold-worked metals regain ductility on heating before recrystallization. 
The writer has never believed this and it is interesting to note that Dr. 
Mathewson does not. It may be true, however, that ductility is regained 
before visible recrystallization. It is highly probable that recrystalliza- 
tion has taken place whether or not evidence can be seen under the 
microscope and that restored ductility is a result of recrystallization. 
Dr. Mathewson's formula relating Brinell hardness to grain size is ex- 
tremely interesting. It would be as interesting to compare the relations 
between the tensile properties and grain size. 

With reference to Dr. Merica^s discussion, the writer mentioned in 
paragraph 7, of the Summary, that the maximum breaking load would be 
a balance between the two tendencies: rupture by degrees, which tends 
to lessen the maximum strength, and the increased path of rupture 
caused by deformation in ductile metals, which tends to increase it. 

The matter of per cent, elongation in iron in hquid air is very perplex- 
ing. One annealed sample was stretched at room temperature 10 per 
cent, and then cooled to hquid air and it stretched 6 per cent, more before 
breaking. It should have elongated about 25 per cent, at room tempera- 
ture and about 11 per cent, in hquid air if it had not been elongated any 
at room temperature. This and other tests indicate that cold-worked 
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iron has a tendency to be brittle in liquid air. We are not sure that iron 
at room temperature is completely in one allotropic condition. More 
experimental work is urgently needed to throw further Hght on this sub- 
ject. Dr. Merica^s suggestion that more experimental work be done on 
single crystals is most timely. 

Prof. Hoyt’s ideas on allotropic transformation do not differ markedly 
from mine. It is probable that the force tending to produce the allo- 
tropic change is z.ero at temperatures higher than that at which it is 
perfectly stable on heating, and that the force tending to produce the 
change on cooling increases with decrease in temperature. There will be 
a temperature not far below that at which the change should take place 
on cooling, which will produce the maximum velocity of transformation. 
That this is true is shown by many experiments on steel, water, silver, 
and silica. Water and silver may be undercooled (silver as much as 
70° and water 17° C.) before the change from the liquid to the solid state 
begins, if the materials in the liquid states are maintained in a very 
quiet state; then soHdification takes place more rapidly than if under- 
cooling had not taken place. The most rapid transformation in carbon 
steels occurs at a temperature about 100° lower than that at which it 
would occur on slow cooling. 

Austenitic manganese steel will apparently remain in that condition 
at room temperature indefinitely. At 675° C., however, the change 
from austenite to martensite occurs after a few hours and if the austenite 
is deformed at 400° C. the transformation proceeds far enough in a few 
minutes to make the steel magnetic. This shows that mechanical dis- 
turbance of the atoms by deformation favors this transformation. 

Silica and glass at room temperature will remain in the amorphous 
state indefinitely; but when heated to high temperatures for prolonged 
periods they crystalhze. It therefore seems that the mechanical cohe- 
sion resists allotropic transformation. The change from austenite to 
martensite in high-carbon steels, brought about by cooling in liquid air, 
does not fit in with the above ideas but it is true that we know less about 
this change than the others cited above. 

So far as I know, no work has been done on the relative positions of 
the maxima and minima points of the tensile properties of iron on both 
rising and falling temperatures. This line of investigation should prove 
interesting. 
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Die Castings and Their Application to the War Program 

BY CHARLES PACK,* BROOKLYN, N. Y. 

(New York Meeting, February, 1919) 

Die castings may be defined as metal castings made by forcing molten 
netal, under pressure, into a metallic mold or die. It is necessary to keep 
this definition in mind to avoid confusing this process with other per- 
□aanent-mold casting processes. The fundamental principles of the 
process have been known and practised many years. The simplest 
application is embodied in the modern linotype machine in which molten 
metal (usually tin-lead alloy) is forced under pressure into a metallic 
mold. The pressure is derived from a piston and cylinder immersed in 
the molten metal. Progress in the art of die casting may conveniently 
be divided into three groups: Machine for imparting pressure to the 
metal, material for the die or mold, casting alloys. 

The problem of delivering molten metal under pressure into a die is 
comparatively simple, when dealing with low-fusing-point alloys, as 
the alloys of lead and tin, but it is much more complicated when dealing 
with metals of higher fusing points, such as the alloys of zinc, aluminum, 
and copper. Although the art of die casting is comparatively new and, to 
a large extent, unknown, the records of the patent office are replete with 
patents on the subject. 

Fig. 1 shows the Underwood machine patented in 1902; this is probably 
one of the first machines designed for the production of commercial die 
castings. The relation of this machine to the linotype casting machine 
is clearly apparent. A cylinder and piston are immersed in the molten 
metal, the application of power to this piston forcing the molten 
metal, under pressure, into the mold or die. The Doehler machine, 
Fig. 2, patented in 1907, is based on the same general principles. This 
machine is used to a large extent at the present time, throughout the 
United States, for the production of zinc, tin, and lead alloy die castings. 

In the machine shown in Fig. 3, patented by Doehler in 1910, com- 
pressed air is used for forcing the metal into the die. In Fig. 4 is shown 
another of this type of machine. Here compressed air is applied to the 
surface of the molten metal to force it into the die. 

In a machine patented by Chandler in 1914, shown in Fig. 5, the 
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principle of the internal-combustion engine is applied for exerting pressure 
on the molten metal. A charge of gasohne vapor and air is injected into 
the melting chamber, the explosion of which forces the metal into the die. 
The writer has never heard of this machine being used on a commercial 
basis, but it is mentioned to show the various means suggested for forcing 
molten metal into a die. 



Fia. 1. — Underwood die-casting machine. 


Methods Used to Avoid Blow-holes 

The fact that die castings are made under pressure would suggest, 
on first thought, dense and homogeneous castings; this impression, how- 
ever, is not in accord with actual practice. On fracture, the pressure die 
casting will be found to consist of a dense closely grained outer stratum 
and a porous inner stratum. Blow-holes of varying size may be expected 
in the center of the die casting, particularly through heavy sections. 
Many machines have been designed with the primary object of over- 
coming this difficulty and producing solid die castings. 

Fig. 6 shows an air-operated die-casting machine with the die inclosed 
in a vacuum chamber. The inventor evidently assumed that the only 
cause for blow-holes in the casting was the presence of air in the die. 
In Fig. 7 is shown another die-casting machine in which the vacuum 
principle is applied; here the vacuum is applied directly to the die. 

The production of die castings free from blow-holes has been the most 
seriinis problem confronting die-casting manufacturers. At various 
times it has been stated that processes capable of producing solid and 
homogeneous die castings have been developed. If all blow-holes in 
die castings were caused by air coming in contact with metal, the vacuum 
process would deserve consideration. That the presence of blow-holes 
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in some die castings are due to other and more serious causes, the writer 
will endeavor to prove. 

In Fig. 8 is shown a cross-section of a casting that can be gated at A 
or in the best foundry practice the gate A would probably be used. 
The first metal that goes into the die will chill around the inner walls 
and take the form shown in the shaded portion. The gate may then be- 



come chilled before the inner portion has been filled; this will cause blow- 
holes that no vacuum will eliminate. A similar effect will be produced if 
the metal was too cold at the time of casting. The writer has produced 
castings having only an outer shell, similar to that shown in Fig. 8, 
by limiting the amount of metal injected into the die to a quantity less 
than that required to make the casting. A similar result may be obtained 
by running the metal so cold that it will chill the thinner sections of the 
casting before the heavier sections are completely filled. Lack of pres- 
sure will produce the same result. 
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Blow-holes in die castings may also be caused by the phenomenon 
that we sometimes call ‘'piping.’^ Makers of rolling-mill ingots have 
often been confronted with this problem. In Fig. 9 is shown cross-sec- 
tion of another casting gated at A. The metal flowing into the die at A 



will fill the entire mold cavity, assuming all casting conditions to be ideal, 
but the metal in the thin section adjoining A will chill before the heavier 
section so that, the chilling being from the outside, a shrinkage hole will 
be left in the center. Here again no advantage can be gamed by the 
use of the vacuum system. 
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Dies 

In the manufacture of die castings from zinc, tin, and lead alloys, 
dies made from low-carbon machine steel last almost indefinitely and 
answer every purpose. In the first attempts to die-cast aluminum, 
the problem of obtaining a suitable die material presented serious difii- 
culties, which were described by the writer in a paper read before the 



American Institute of Metals in 1915. This problem, however, has been 
solved by the use of various alloy steels making possible the com- 
mercial die casting of aluminum and its alloys, which constitutes the 
greater part of the die-casting industry of today. The proper gating 
and venting of these dies are problems that arise daily and on the 
solution of these problems depends the success or failure of the process. 
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Alloys 

In a paper read before the American Institute of Metals in 1914, the 
writer described the various types of zinc, tin, and lead alloys used in the 
die-casting process. The application of these alloys and their limita- 
tions were also pointed out. At that time the die casting of aluminum 
and its alloys was barely beyond the experimental stage. During the 



Fig. 5. — Chandler die-casting machine. 


past 4 years, the most important advance in the art of die casting has 
been made in the perfection of the process for die-casting aluminum and 
its alloys. The importance of this achievement as an aid to winning 
the war is best demonstrated by the fact that at least 95 per cent, of the 
die-cast parts used directly or indirectly as materials of war were made 
from an aluminum-base alloy. Of these castings, only a very small 
percentage could have been produced successfully in 1914, 
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Investigations of the casting properties of metals and alloys in the 
past have been generally limited to sand castings; few data are 
available as to the casting properties of metals or alloys in metallic 
molds. Just what constitutes a good die-casting alloy is a subject of 
unusual interest. A few of the important requirements, outside of the 
usual physical properties demanded of alloys, are : 

Melting Point , — The successful die-casting machine in every instance 
is constructed of iron, in one form or another. The melting point of 
the alloy must be such that it will melt readily in an iron pot. 



Fig. 6. — Machine with die enclosed in vacuum chambeh. 


Solvent Action , — The solvent action of the alloy on iron must not be 
too great. Molten aluminum dissolves iron very rapidly and analyses 
of aluminum die castings on the market will show an iron content of from 
1 to 3 per cent., due to the solvent action. Fortunately, there is 
no serious objection to the presence of iron in aluminum casting alloys. 
Should the aluminum absorb much above 3 per cent, iron, the melting 
point becomes too high and the alloy becomes viscous and unsuitable for 
making castings. 

• Elongation , — The elongation of the metal is of vital importance in 
determining the die-casting properties of an alloy. Not only is it 
desirable to know the elongation of the alloy when cold, but it is of 
greater importance to determine the elongation at various temperatures 
ranging from the melting point of the alloy down to normal tem- 
perature. The reason for this becomes apparent when the physical 
phenomena of the die-casting process are considered. Let us assume 
that a ring 12 in. (30.48 cm.) in diameter is to be die-cast in a metallic 
mold around a metallic core. As the molten metal strikes the mold 
it solidifies. Here a change of state occurs that is accompanied by 
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a reduction in volume, commonly termed shrinkage. Unlike a sand 
core, the metallic core is not compressible and retains its original 
size and form so that the shrinkage of the metal is converted into a 
stretching action on the solidified casting. If the elongation of the 
alloy at that temperature is not high enough to withstand this stress 
the casting will crack. In the usual die-casting practice it is not 



Fig. 7. — Die-casting machine with vacuum applied dihectly to die. 

practical to remove the casting from the die at the solidification tempera- 
ture of the alloy. For example, the solidification temperature of the 
aluminum-copper alloys used in the die-casting process is approximately 
1150° F. (621° C.). It has not been found practical to run the casting 
dies above a temperature of 500° F. (260° C.), which means that the cast- 
ings are withdrawn from the dies at that temperature. It follows that 
the casting is subjected to another stretching stress after the casting has 
solidified, due to the contraction in^ volume that must occur when a 
casting is cooled from a temperature of 1150° F. to 500° F. 

The writer has been unable to find any reliable method for determin- 
ing quantitatively the elongation of alloys at various temperatures. 
Many methods have been suggested but they have proved of doubtful 
value. The simplest way is to use the old ^^jy-and-see” method. To 
test the alloy, a casting is made in a die having a comparatively large 
core and thin wall. If the alloy can stand the casting stress, a perfect 
casting will be obtained, otherwise the casting will show bad cracks. 
Only a comparative result is obtained, but for everyday control it 
answers the purpose. However, a simple and reliable method for deter- 
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mining quantitatively the elongation of metals and alloys at various 
temperatures would prove of enormous value to all metallurgists engaged 
in the various phases of metal-casting research. 

It is interesting to note that the elongation of a metal or alloy at 
normal temperatures is no indication as to the properties of that metal or 
alloy at higher temperatures. The writer has found many cases where 



Fig. 8. — Cross-section op casting with two gating positions. 

an alloy showing little or no elongation at normal temperatures shows a 
high elongation at higher temperatures. The alloys of aluminum and 
copper may serve to illustrate this point. It is well known that the addi- 
tion of copper to aluminum reduces the elongation of the aluminum alloy. 
An aluminum alloy containing 12 per cent, copper will show less elon- 
gation than an alloy containing only 6 per cent, copper when tested at 
normal temperatures. Nevertheless, the 12 per cent, copper alloy has 



Fig. 9. — Die casting containing shrinkage hole. 

a greater elongation at higher temperatures than the 6 per cent, alloy 
and consequently the 12 per cent, alloy is better able to withstand the 
casting stresses to which it is subjected in the die-casting process. 

In the early days of the die-casting industry, alloys were compounded 
indiscriminately and little or no consideration was given to the metal- 
lurgical principles involved. The manufacturer in many instances 
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knew much more about machinery than about metals. The result was 
that there were put on the market die castings made from alloys that 
deteriorated rapidly and created a prejudice among engineers against 
the use of these castings. That this prejudice was in part justified must 
be admitted; nevertheless, the modern die-casting plant is equipped 
with physical and chemical testing laboratories and the die-casting prac- 
tice of today bears no relation to that of 5 years ‘ago. 

Die Castings Made for War Purposes 

Die castings have had their most severe test during the past 2 years, 
during which time most of the die castings manufactured were used 
directly, or indirectly, in the Government's war program. Here is a 
partial list of the application of die castings for this purpose. 

Gas masks, breather tubes and other metal parts. 

Lewis machine guns, 100 die-cast parts to every gun. 

Browning machine guns, four of the most vital parts. 

Naval and army binoculars, the entire housing. 

Army truck, tank, and airplane die-cast parts include parts of igni- 
tion system, carburetor gasoline-regulating devices, steering-wheel 
accessories, ball-bearing cages, bearings, speed indicators, etc. 

Pistol, complete signal pistol. 

Submersible bombs, some designs contained as many as 10 die-cast 
parts. 

Hand and rifie grenades, every grenade manufactured in this country 
contained one or more die castings. 

Trench mortar shells, plugs die cast. 

Airplane drop bombs, one or more die-cast parts. 

Surgical instruments, including hair clippers, respiratory devices, etc. 

In many instances, die-cast parts were used where the failure of the 
part would result in serious loss of life. The fact that not one failure of 
a die casting has been reported must continue to be a source of deep 
satisfaction to the modern die-casting manufacturer. 

DISCUSSION 

Jesse L. Jones,* Pittsburgh, Pa. (written discussionf). — As the die- 
casting process is so very different in character from the process of making 
sand molds, it is often considered that entirely different methods of 
pouring, gating, venting, etc. should be used. There is really, however, 
no essential difference in the making of die castings and sand castings, 
and similar methods should be used in each process. 


* Metallurgist, Westinghouse Elec. & Mfg. Co. 
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In the matter of gating, the metal should be introduced at a central 
point, as nearly as possible, so that it will have an equal distance to flow 
from the point of entrance to the most distant points of the mold. This 
will cause a uniform rate of congealing of the casting and prevent streaks 
and cold shuts. 

The venting should be done in such a way that a free exit of the air 
in the molds can occur. It should be less difficult to take care of the 
venting of a die-casting mold than to vent an ordinary sand mold. In 
the case of a sand mold, the venting is left, to a considerable extent, to the 
judgment of the molder, and it is possible that no two molds will be 
vented in a similar manner. Further than this, after a vent has been made 
in a sand mold, it may become clogged by the sand and for this reason be 
inefficient. There is also quite a variation in the pressure of the metal 
entering a sand mold, due to varying heights of the pouring gate. In a 
die-casting mold these factors can be controlled more closely. The vents 
should be so disposed that the air in the mold compressed by the entrance 
of the metal may be able to leave the mold at a uniform rate and by exits 
located symmetrically. These exits are made quite small on molds at 
first, as they can be easily enlarged if necessary, and they are tapered 
so that a free flow is guaranteed without danger of the metal spurting 
out from the die. Uniformity of pressure of the metal as it enters the 
mold is very important and, as the pressure is mechanically applied, its 
control is not difficult. 

It is true that, a sand mold has much less of a chilling effect on the 
metal poured into it than has the die-casting mold, but, outside of this 
point, there is a great similarity between the die-casting process and 
the process of making castings in sand molds. It is suggested that 
much would be gained by regarding these two processes as not essentially 
different. 
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Metallography of Tungsten 

BY ZAY JEFFRIES,* B. S., MET. E., CLEVELAND, OHIO 
(Colorado Meeting, September, 1918) 

Tungsten has the highest melting point of all the known metals, 
namely 3350° C.; it is one of the hardest of the metals; it has the highest 
equiaxing or recrystallization temperature after strain hardening, of 
any pure metal known. It is particularly distinguished because, when 
composed of small equiaxed grains, it is extremely brittle and fragile at 
room temperature, and when possessing a fibrous structure it may be 
ductile and pliable at room temperature. The common ductile metals 
act in exactly the opposite manner in this respect. 

The present paper will include a brief note regarding the manufacture 
of wrought and ductile tungsten. The metallography of wrought and 
ductile tungsten in the various stages of manufacture will be considered 
more or less in detail. The general relationships between the properties 
of tungsten and other metals will also be considered. 

A discussion will be given explaining why fibrous tungsten is ductile 
at room temperature, even though past experience with other metals 
would indicate that it should be brittle. Finally, a brief note regarding 
some new fundamental metallographic propositions relating to all metals 
will be given. 

Manufacture of Wrought and Ductile Tungsten 

Up to about 10 years ago, it had not been possible to work tung- 
sten mechanically. About the year 1908, Dr. Wilham D. Coolidge, of the 
General Electric Co., produced ductile tungsten from what was then 
supposed to be an inherently brittle metal and which, in fact, was 
inherently brittle in its normal state, that is, when composed of equiaxed 
grains. Since that time many products, chief among which are the 
filaments for electric incandescent lamps, have been made from wrought 
and ductile tungsten. 

Tungsten is produced chiefly from the minerals wolframite and 
scheelite.^"^ The ores may be reduced in many ways. For example, 
the ore may be fused with alkali carbonates and the fusion dissolved in 
water; sodium tungstate is formed, which is soluble in water. This 

* Director of Research, Aluminum Castings Co. 

References are to bibliography at end of paper. 
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may be changed to tungstic oxide, WO3, by the addition of an acid to the 
sodium tungstate liquor. WO 3 , a yellow precipitate, is separated by 
filtering. The tungsten oxide may then be purified to any desired 
degree by dissolving it in ammonia and then reprecipitating by the addi- 
tion of acid, followed by filtering and washing. 

For the manufacture of most of the wrought tungsten products, the 
tungsten oxide is treated as follows: after drying, sufficient thorium 
nitrate solution is added to make 0.75 per cent, thoria (Th 02 ) in the 
oxide. The tungsten oxide is made into a batter with the thorium 
nitrate solution, additional water being added if necessary, after which 
it is thoroughly mixed. The mixture is then dried and placed in either 
a fire-clay or a silica crucible and heated to about 1100° C. for a period 
usually in excess of 1 hr. This is called the firing operation, and it has 
for its purpose the agglomerating of the extremely fine particles of 
tungsten oxide into larger, or coarser-grained particles. When the firing 
is done in a fire-clay crucible, some of the crucible material is dissolved 
by the oxide, and produces a beneficial effect when the metal is to be 
used for incandescent lamp filaments. 

The fired oxide is then reduced by hydrogen to tungsten metal powder, 
at a temperature in the neighborhood of 1000° C. The tungsten powder 
thus produced is relatively coarse grained when compared to the tungsten 
powder from which the sintered tungsten filaments were made before the 
advent of drawn tungsten wire. 

The tungsten powder is pressed dry, into any desirable shape or size. 
A common size and shape consists of a rod about 16 in. (40 cm.) long 
having a cross-section about % in. (9.5 mm.) square. The pressure on 
such a rod must be applied from the side of the mold and not from the 
end, else the resulting tungsten ingot will not be workable. The pressed 
tungsten slug is so fragile that it can be moved only by sliding it along 
a surface. It is moved in this manner onto a platform of tungsten, 
nickel, or other suitable material having a high melting point, and while 
still on the platform is inserted into an electric furnace of the tube type, 
which is heated to about 1200° or 1300° C., in which an atmosphere of 
hydrogen is maintained. This is called the baking operation. After 
baking, the tungsten slug may be handled without danger of breaking. 
At this stage, it is porous, containing about 40 per cent, voids. 

The baked tungsten slug is then clamped into two electrodes, ar- 
ranged in a vertical position, the bottom one of which floats in a bath 
of mercury cooled by a water jacket. This arrangement is necessary, 
because in the operations which follow, the tungsten slug shrinks, 
usually about 15 per cent, in length, and the mercury well must ac- 
commodate this shrinkage and still maintain electrical contact with the 
lower electrode. After the slug is securely clamped in the electrodes, a 
gas-tight housing is lowered around it and a current of hydrogen is 
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passed through this housing. Electric current is then passed through 
the slug, thus heating it to an extremely high temperature. For most 
purposes, a temperature of about 3000° to 3200° C. is used, and this 
temperature is maintained for 10 or 15 min. This may be called the 
sintering operation. 

The sintered tungsten ingot is substantially free from voids, having 
a density of about 18. The two ends which were clamped in the elec- 
trodes will not have been heated to a sufficiently high temperature to 
cause sintering, so they are broken off and then the ingot is ready for the 
mechanical working process. 

The working operation is begun in swaging machines, which 
operate the swaging dies. A pair of swaging dies consists of two similar 
blocks of high-speed steel, each block containing half the desired opening. 
The openings are circular in cross-section. The side of the steel block 
containing half the desired opening is called its ''face.” These two half 
dies are placed in the swaging machine face to face, sufficiently loose so 
that the swaging blow can be struck, when the die halves move away 
from and toward each other. The machine head rotates and the dies 
rotate with it. Centrifugal force moves the die halves apart and rollers 
in the head of the machine push them together again. The dies move 
backward and forward several thousand times per minute. The faces 
of these dies must be made in a special manner for the swaging of tungsten. 
The portions which come in contact with the metal to be worked must 
be very much shorter than when swaging the ordinary metals. These are 
called short-faced dies. They are made of high-speed steel because they 
are to be used to swage hot metal. 

For beginning the swaging operation on a tungsten ingot having a 
square or rectangular cross-section, a pair of swaging dies is selected 
which will just round off the corners of the ingot. The ingot is put into 
an electric furnace, usually consisting of an alundum tube wound with 
tungsten or molybdenum wire, in which an atmosphere of hydrogen is 
maintained. The temperature of this furnace may be as high as 1700° C. 
but it is more frequently in the neighborhood of 1600° C. When the 
ingot has attained the temperature of the furnace, one end is grasped 
with a pair of tongs and the other end is quickly inserted into the swaging 
machine. It is not possible to swage the whole length of the rod in this 
manner, so the ends of the rod are reversed and it is again heated, after 
which the unswaged end is inserted into the swaging machine. A pair 
of swaging dies having a somewhat. smaller opening than the first pair 
of dies used is now put into the machine ; the ingot is heated again and 
the swaging operations continued as before. Four or five dies are required 
to make a round rod from a square or rectangular ingot. 

When the tungsten rod is sufficiently elongated to enable the end 
which first passes through the swaging machine to be gripped from the 
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exit side, only one heating for each pair of swaging dies is necessary. 
As the degree of work increases on the rod, the temperature is gradually 
decreased. When the working temperature has been reduced to about 
1300° C., gas may be used to heat the metal preparatory to swaging. The 
temperature may be decreased in steps, that is, there may be a certain 
temperature maintained for a half dozen or more dies and then the tem- 
perature lowered for the next half dozen dies. These conditions will 
depend on the properties desired in the swaged tungsten rod. The swag- 
ing operation may begin on tungsten ingots of any size, but a common size 
is 3-^ to % in. square (6.35 to 9.5 mm.), and 12 to 14 in. long (30.48 to 
35.56 cm.). 

If it is desired to produce wrought tungsten rods more than 0.030 in. 
(0.76 mm.) diameter, all of the work is done by swaging. If, however, 
it is desired to produce tungsten wires smaller than 0.030 in. diameter, 
the swaging operation is resorted to only until a size of 0.030 in. or there- 
abouts is reached. The temperature of swaging will have been reduced 
as the size of the rod decreased so that the 0.030 in. rod would be swaged 
at a temperature of 1000° or 1100° C. 

When the tungsten ingot is removed from the furnace previous to 
swaging, the temperature corresponds to a brilliant white heat. Tung- 
sten oxide has not formed in the furnace because of the hydrogen atmos- 
phere, but as soon as the ingot is removed from the hydrogen atmosphere, 
its temperature is such that tungsten oxide forms very rapidly, volatilizes 
and condenses as a white fume at some distance above the rod itself. 

The tungsten ingots may also be reduced by rolling. High-speed 
rolls are employed and the ingot is heated to 1500° C. before each pass. 
Rolls are used for flat pieces and swaging machines for round sections. 

The sintered tungsten ingot is as brittle as glass and extremely 
fragile. It is composed of equiaxed grains such as may be seen in Fig. 1, 
which represents the structure of a sintered tungsten ingot. When the 
swaging has been continued until the rectangular cross-section of the 
ingot has been changed to circular, the structure has been changed to 
that shown in Fig. 2. With still further swaging, when the tungsten 
rod has reached a diameter of 0.125 in. (3.2 mm.), its structure is changed 
to that shown in Fig. 3. At a size of 0.082 in. (2.08 mm.) its structure 
has changed to one corresponding to that shown in Fig. 4, while Fig. 5 
represents the structure when the tungsten rod has been swaged to a 
diameter of 0.030 in. (0.76 mm.). 

It will be seen from these micrographs that the equiaxed grains 
composing the sintered tungsten ingot have been progressively elongated 
during the swaging operations into fibers of metallic tungsten. The 
0.030-in. swaged rod shown in Fig. 5 is ductile cold. It can be bent cold 
or it can be drawn cold. 

While the tensile strength of the sintered tungsten ingot from which 
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this 0.030-in. swaged tungsten rod was reduced was only 18,000 lb. 
per square inch, the tensile strength of the rod was 215,000 lb. per 
square inch. 

The sintered tungsten ingot was absolutely brittle, but the 0.030-in. 
swaged tungsten rod has an elongation of about 4 per cent, in 2 in. and 
a reduction in area at the point of fracture of about 28 per cent. 

When it is desired to produce wires smaller than 0.030 in. diameter, 
a hot drawing process is resorted to. Diamond dies are usually employed 
for this purpose. The lubrication used, both for the swaging operations 
on the smaller rods and in the drawing process, is aquadag. The wire to 
be drawn is first passed through an aquadag mixture which is in the form 
of a thin paste, and then through a gas flame or other heating medium 
which heats the wire to the desired drawing temperature and also bakes 
on it a coating of the lubricant. The dies vary in size by small steps; 
that is, the diameter of the opening in one die will be only about 6 per 
cent, greater than that in the next following die. 

The temperature at the beginning of the drawing may be in 
the neighborhood of 1000° C. and when the wire is reduced to the size 
of about 0.005 in. (0.127 mm.) diameter, the temperature of drawing 
will have been reduced to a dull red heat. Fig. 6 is a micrograph of a 
drawn tungsten wire. All of the tungsten wires so produced, no matter 
what their size, are ductile cold. The increase in tensile strength is 
continuous, the smallest wires being the strongest. 


Table 

1. — Tensile Strength of Tungsten 

Kind of Material , Diam in Mils 

Tensile Strength in 
Lb. per Sq In. 

Sintered tungsten ingot. 

Swaged rod 

Swaged rod 

Swaged rod 

Swaged rod 

Drawn wire 

200 by 250 

1 216.0 

. : 125 0 

.... . 80 0 

j 26 0 

' 18 0 

18,000 

50,600 

107.000 
176,600 

215.000 

1 264,000 

340.000 

366.000 
; 378,000 

483.000 

590.000 

Drawn wire 

Drawn wire 

7.23 

5.78 

Drawn wire 

1 5 50 

Drawn wire 

Drawn wire 

; 3 96 ! 

1 14 1 


I 


Table 1 shows the increase in tensile strength of tungsten products 
with the increase in mechanical working. Tungsten wire 1.14 mils 
diam. (a mil is 0.001 in.) shows a reduction of area at the point of fracture 
of about 65 per cent. Coupled with great strength, drawn tungsten 
wire possesses the property of ductihty in the cold to a very usable 
degree. The wire can be coiled on mandrels having diameters but 
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slightly greater than that of the wire itself. It can be bent into the 
various shapes necessary for lamp making, and it can be handled in long 
lengths without danger of breaking. 

Table 1 shows that the tensile strength of the 1.1 4 -mil drawn wire 
is about 33 times as great as that of the sintered tungsten ingot. In 
ordinary metal-working processes, an increase- of tensile strength of six 
times that of the original starting material is unusual. 

General Relationships Between Tungsten and Other Metals 

It should be noted from the preceding that tungsten possesses several 
properties different from those of the common ductile metals. For 
example, when the common ductile metals are worked cold or at elevated 
temperatures below their annealing temperatures, they are rendered 
more brittle at room temperature. Tungsten cannot be worked at 
room temperature when it is composed of equiaxed grains. When it is 
worked at elevated temperatures below its equiaxing temperature in 
such a manner as to deform the grains permanently, its ductility at room 
temperature increases. 

When the ductile metals which have been made brittle by mechanical 
working at room temperature, or at elevated temperatures below their 
annealing temperatures, are annealed, ductility is restored. When 
tungsten which has been made ductile by mechanical working at an ele- 
vated temperature below its equiaxing temperature is heated above the 
equiaxing temperature, its ductility at room temperature is lost. 

The ductile metals are in their most ductile condition when they are 
composed of small equiaxed grains. Tungsten is in its most brittle con- 
dition when it is composed of small equiaxed grains. 

When the ductile metals are heated in such a manner that coarse- 
grained structures are produced, they become less malleable and ductile 
at room temperature, as a result of the coarse-grained structures. When 
tungsten, however, is heated in such a manner as to produce extremely 
coarse-grained structures, the resulting tungsten product possesses, to 
a slight degree, the ability to be deformed, especially by pressure at room 
temperature. The utility of this type of deformability in tungsten is 
limited. Let us suppose, for the sake of argument, that we have a single 
grain of tungsten, and that we proceed to work this grain mechanically 
at room temperature. It becomes harder and more brittle, due to the 
strain hardening, and our first thought would be to heat it above its equi- 
axing temperature, so that it would regain its malleability and ductility. 
Above the equiaxing temperature this strain-hardened grain would form 
many equiaxed grains. We would have produced in this manner a piece 
of tungsten metal composed of small equiaxed grains. This material 
would be absolutely brittle at room temperature and no further working 
at room temperature would be possible. This piece of tungsten could, 
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594 


METALLOGRAPHY OF TUNGSTEN 


however, be mechanically worked at high temperatures by the processes 
described above. 

Molybdenum has some properties similar to those of tungsten, and 
others similar to those of the common ductile metals. It is in a more 
ductile condition at room temperature when it is composed of fine grains 
than when composed of coarse grains. In this respect it is similar to 
the common ductile metals. When its grains are deformed by mechanical 
working at temperatures above room temperature and below its equiaxing 
temperature, its ductility at room temperature increases. In this respect 
it more nearly resembles tungsten. 

Tantalum^ ^ resembles the common ductile metals in all of its working 
properties. Tantalum must be very pure and especially free from hydro- 
gen or nitrogen to be in a ductile condition. When it is melted in a vac- 
uum, it is found to be one of the most malleable and ductile of metals. 
Fig. 7 is a micrograph of a cold-drawn tantalum wire which was mechan- 
ically worked at room temperature, without any annealing, from a fused 
globule of tantalum to a wire 0.007 in. (0.177 mm.) in diameter. This 
wire has not even yet reached its maximum limit of cold working. Fig. 8 
shows a piece of the same wire which was heated in a vacuum to 1600® C. 
for 5 min. It will be noted that recrystallization has taken place. This 
annealed wire is much more ductile than the cold-worked wire, thus show- 
ing that in these respects tantalum is similar to the common ductile 
metals. Fig . 9 is a micrograph of a piece of the same tantalum wire 
heated for 1 min., in an atmosphere of hydrogen, to 1600° C. Recry- 
stallization has taken place, but this wire has absorbed enough hydro- 
gen to make it extremely brittle and fragile at room temperature. The 
properties of tungsten wire are the same whether heated in a vacuum or 
in hydrogen. 

Cast zinc or worked zinc made coarse grained by a high-temperature 
annealing may be brittle at room temperature and workable at 150® C., 
and after this working the ductility at room temperature will be greater 
than before working. It is now known that this increase in ductility of 
zinc is due to a substitution of a fine-grained structure for the coarse- 
grained one. It is known that 150° C. is above the annealing temper- 
ature of worked zinc and consequently in the hot-working region. The 
refinement of the grain in zinc by working at 100® to 150° C. is analogous 
to the breaking down of the coarse grains in a steel ingot by working above 
a red heat.^® No amount of work on tungsten above its annealing tem- 
perature wiU make it ductile at room temperature. 

Platinum may be produced in a coherent malleable and ductile form 
by the Wolloston process^^ without resorting* to the fusion operation. 
There are several points of difference between the Wolloston method for 
producing coherent ductile platinum without fusion and the method of 
producing coherent ductile tungsten without fusion. The platinum has 
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only to be made coherent and it is inherently ductile. Tungsten has to 
be made coherent and then ductilized by the working process. The 
platinum cake immediately before working contains about 40 per cent, 
voids and these are welded by the working. The voids must be elimi- 
nated in tungsten before the working begins, else the material will not be 
workable. 

Effect of Thoria on the Structure of Sintered Tungsten Ingots 

The principal need for thoria or other non-metallic substances in 
tungsten which is to be used for lamp filaments is to control the direction, 
and, to a certain extent, the degree of grain growth in the filament, in such 
a manner as to render them both jugged (not easily broken by rough hand- 
ling of the lamps) and free from off-setting. * With the old type of 
pressed tungsten filament, the purity of the tungsten did not have to be 
considered except for the functioning of the tungsten wire as a lamp 
filament. By the present method of manufacture of lamp filaments, 
however, the sintered tungsten ingots must be capable of being mechanic- 
ally worked hot. Therefore the addition of .thoria or other non-metalhc 
substance must be made judiciously and the heat treatment of the 
tungsten ingot must also be varied to suit the thoria content. Tungsten 
containing more than 2 per cent, thoria is difficult to work into small 
wires . 

The effect of the thoria is to increase the resistance to grain growth 
at high temperatures. Other non-metallic substances will offer resistance 
to grain growth in proportion to the volume, arrangement, and size of 
globules in the metal. It is difficult, however, to retain the more volatile 
oxides in the ingot. Even silica vaporizes almost completely during 
the sintering operation. Alumina volatilizes more slowly and thoria 
very httle. ^ 

Plate 1 shows the variation in grain size of tungsten ingot with 
variation on the quantity of thoria, the temperature being maintained 
constant at about 3200° C. and the time constant — 12 min. It would 
seem as if the resistance to grain growth had decreased in the region 
between 2.5 and 4 per cent, thoria. This apparent decrease in resistance 
to grain growth is readily explained by the germinative temperature 
laws.^^-^® The increase in resistance to grain growth is continuous 
with increase in the amount of thoria, according to the dotted portions 
of the curve shown in Plate 1. The germinative conditions have not 
produced exaggerated growth of grain up to about 1.5 per cent, thoria. 


* Off-setting is the transverse displacement of a section of the filament wire. 
The displacement occurs at places where a grain boundary occupies the whole cross- 
section of the wire. 
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nor above about 4.5 per cent, thoria, so that the normal curve representing 
equilibrium grain size for the given time and temperature conditions 
would be independent of the exaggerated grain growth portion. These 
changes in grain size due to variation in the quantity of thoria can be 
seen plainly in the micrographs. Figs. . 10, 11, 12, 13, and 14 are micro- 
graphs of the tungsten ingots containing respectively 1, 2, 3, 4, and 5 
per cent, thoria. The ingots were all sintered at 3200° C. for 12 min. 
Figs. 15, 16, 17, 18 and 19 are micrographs of the same samples containing 
1, 2, 3, 4, and 5 per cent, thoria respectively, at a higher magnification. 



Plate 1. — Variation in grain size of tungsten ingots with variation in thoria. 

Heated 12 min. to mean temperature of 3200° C. 

The micrographs at the higher magnification show very plainly not only 
the quantity of thoria, but its distribution. The thoria is present in 
small spherical globules in all of the samples. The number of globules 
is much greater in Fig. 19 than in Fig. 15. The size of the globules, 
however, does not vary in a marked degree. 

The explanation for these coarse-grained structures with increase 
in resistance to grain growth is as follows: Let us take, for example, 
the sample containing 3 per cent, thoria. When it was heated to a mean 
temperature of 3200° G. by the passage of an electric current in an 
atmosphere of hydrogen, the axis of the comparatively long tungsten 
ingot would be its hottest portion. A temperature gradient would 
obtain from the axis to the surface of the ingot. With 1 per cent. 
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thoria present, even the surface of the ingot, when heated to a mean 
temperature of 3200° C. would permit the free growth of adjacent grains. 
With 3 per cent, thoria, however, the resistance to grain growth will have 
been sufficiently increased so that the portion of the tungsten ingot 
near the surface will be below the temperature of free grain growth. 
The portions nearer the axis, being hotter, will permit grain growth to 
take place. There will be a sharp boundary line between that portion 
of the ingot iji which grain growth could take place and that portion 
in which growth was not possible (or at least could take place but slowly) 
under the existing conditions. The grains in the growth range will 
be larger than those in the inert range. At the boundary between the 
growth and inert grains, the former, because of their larger size, will 
be able to absorb the latter, which cannot coalesce with one another 
because they are (1) too nearly the same size, and (2) too cold. Adjacent 
grains in the growth range away from the boundary between the growth 
and inert grains, cannot coalesce freely with one another because they 
are too nearly the same size. Their size, however, is considerably greater 
than that of the grains in the inert region. The grains at the boundary 
between the inert and growth regions become germinant grains. They 
increase their size by absorption of the inert grains until they are much 
larger than the hotter grains in the growth region, which they then absorb 
The resulting structure will be an extremely coarse-grained one, with a 
general tendency for the grains to be radial, much as if the ingot had 
solidified in a mold from the molten condition. 

In the sample containing 2.5 per cent, thoria, germinant grains were 
formed first at a lower temperature, because the resistance to grain 
growth would be less with 2.5 per cent, than with 3 per cent, thoria. 
With the same average temperature, the germinant grains in the 2.5 
per cent, thoria sample would first form nearer the surface of the sample. 
This is exactly what was observed. With the sample containing 4 
per cent, thoria, the germinant grains would first form in a hotter portion 
of the ingot. It was observed that the germinant grains did form ini- 
tially in the 4 per cent, thoria ingot practically at its axis. This indicates 
that with the 4 per cent, thoria ingot at a mean temperature of 3200° C. 
the region of free grain growth occurs only in the hottest portion of the 
ingot and all other parts of the ingot are in the inert range. With 5 
per cent, thoria, no part of the ingot is sufficiently hot with a mean 
temperature of 3200° C. for free grain growth to take place in a time 
period of 12 min., so the whole cross-section of the ingot is in the inert 
range. The samples containing 1 and 2 per cent, thoria, at a mean 
temperature of 3200° C. were sufficiently hot for the whole cross-sections 
to be above their germinative temperatures, that is, to be entirely within 
the growth range. It will be noted that the 2 per cent, thoria sample 
is finer grained than the 1 per cent, sample and the sample containing 5 
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per cent, thoria is the finest grained of them all. It will be noted also in 
these samples that where grain growth has taken place the thoria globules 
have not apparently changed in position. For example, in Fig. 17 a 
portion of one grain only is shown. The thoria globules, however, are 
distributed within this grain in a manner Very similar to the distribution 
of the thoria globules in Fig. 19, which consists of a fine-grained structure 
with the thoria globules largely situated at the boundaries of the small 
grains. 

Some calculations indicate that the difference in temperature between 
the surface of the tungsten ingot 3^^ in. (6.35 mm.) square and its axis 
is about ISO'" C. when a mean temperature of 3200° C. is maintained 
by the passage of electric current through the ingot. 

By heating these samples for various time periods, the history of 
grain growth can be studied. In the growth range, an apparent equilib- 
rium grain size is reached within a few minutes at a high temperature, 
say 3200° C. At lower temperatures around 2600° and 2700° C. a longer 
time is needed in order to produce an apparent equilibrium grain size. 
Under germinative conditions, if the germinative temperature is high, 
the velocity of grain growth is rapid, and if the germinative temperature is 
low, the velocity of grain growth is slow. At a temperature of 2600° C. 
the rate of grain growth was only about one-twentieth of the rate at 
2300° C. 

The sintering together of the individual particles of tungsten, or their 
welding, is an entirely distinct operation from their coalescence. At a 
temperature of about 2400° or 2500° C., sintering takes place and is 
complete within a few minutes. Most of the voids have been closed 
and most of the shrinkage of the ingot takes place during the sintering. 
With increase in temperature, these small grains formed by the sintering 
operation commence their growth. If no germinative temperature con- 
dition is encountered, the grains will increase in size with increase in 
temperature, and up to a certain point with increase in time of exposure. 
Germinative conditions, however, may change the order of grain size 
enormously. 

When the germinative temperature is maintained at a point about 
midway between the axis and the surface of an ingot, the large germinant 
grains grow both toward the surface, absorbing the inert grains, and 
toward the axis, absorbing the grains which are in approximate 
equilibrium with each other. At the boundary lines between two large 
germinant grains and a fine-grained region, there will always be, if the 
fine-grained region is considered as a sea and the coarse-grained region 
as land, a bay at the intersection of the two large grains with the fine- 
grained region. This indicates that the two large grains may be compet- 
ing for the small grains at this point. The forces of attack will act in 
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dilBferent directions and a sort of neutral zone in which grain growth is 
less rapid than normal will obtain. Fig. 20 shows this phenomenon. 

Tungsten ingots made up of an aggregate of large and small grains 
are not easily worked. They are apt to crack at low temperatures along 
the grain boundaries, between the large grains or at boundaries between 
large- and small-grained areas. 

Effect of Change of Temperature on the Structure of Tungsten 

Ingots 

Since a temperature of 3200° C. produces the germinative conditions 
at the axis of a tungsten ingot containing 4 per cent, thoria, a fine-grained 
structure would be produced by heating to temperatures lower than about 
3150° C. The germinative temperature of a tungsten ingot containing 
5 per cent, thoria, or more, is theoretically above the melting point of 
tungsten, so it is non-existent. 

A tungsten ingot containing 2.5 per cent, thoria has its germinative 
temperature near the surface of the ingot when a mean temperature of 
3200° C. is maintained. Therefore, if the temperature were lowered to 
about 3100° C., the germinative temperature would occur near the axis in 
this sample. If, however, the temperature could be increased to 3300° C. 
before germination had begun during heating, a fine-grained structure 
would result, which would correspond to the normal equilibrium grain 
size in the growth range for the given time and temperature conditions. 

With the sample containing 1.5 per cent, thoria, a mean temperature 
of 3200° C. was sufficient to make every part of the cross-section of the 
ingot above its germinative temperature. If the temperature could 
have been lowered to, say, 2900° C., germinative conditions would have 
obtained in this sample with the resultant production of a coarse-grained 
structure. The germinative temperature of tungsten ingots containing 
0.75 per cent, thoria is about 2550° to 2650° C. This germinative tem- 
perature is so low for tungsten that the individual particles of the tung- 
sten powder must be very small or the formation of large grains at the 
germinative temperature will be defeated. 

Some tungsten powder was prepared consisting of grains or particles 
very much smaller than the size usually employed. Experiments were 
made with tungsten ingots pressed from this very fine tungsten powder. 
It was found that the germinative temperature occurred at about 2600° C. 
The time necessary to produce a marked coarsening of the grain at 
the germinative temperature was very much longer in this material 
than with material whose germinative temperature was in the neighbor- 
hood of 3200° C. 

Fig. 21 represents the fracture of one of these tungsten ingots heated 
for 20 min. at a temperature near 2600° C. Fig. 22 is the fracture of an 
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ingot treated at a temperature of about 2600° C. for 30 nun. In both 
of these photographs, the coarse-grained areas can be seen in the region 
midway between the axis and the surface of the sample. The axis itself 
is fine-grained and the surface is fine-grained. 

Fig 23 is a fracture of one of these tungsten ingots which was heated 
quickly to a temperature of 3200° C. and held for 30 min. The structure 

is fine-grained and uniform. o r on 

Fig. 24 is a micrograph of a tungsten ingot held at 2600 C. for 20 

Fig. 25 shows the cross-section of an ingot heated to about 2600° C. 
for 30 min. The fine-grained portions near the surface in both these 
samples is finer grained than that near the axis. 

Fig. 26 is a longitudinal section through section A-A of the same 

ingot as Fig. 25. ... 

Fig. 27 shows how the germinative temperature conditions produce 
coarse-grained structures at the ends of the ingots which are held in the 
electrodes. There is a temperature gradient at the ends of the ingots, 
because the electrodes are either directly or indirectly water cooled so 
that a change of temperature of at least 2000° is maintained between 
the portion of the ingot held in the electrode clamp and the hottest 
portion. Fig. 27 shows where the germinative temperature existed. 
To the left of the coarse-grained region may be seen the inert region, 
and to the right the gradual change of the coarse-grained area to a 
normal fine-grained structure. It is needless to say that the sintering 
temperature of this ingot was far above its germinative temperature. 

Fig. 28 shows the structure of a tungsten ingot, heated quickly past 
the germinative temperature and held there for 30 min. Any inter- 
mediate structure between the coarse-grained structure formed at the 
germinative temperature and the normal fine-grained structure formed 
by heating quickly through the germinative temperature range can be 
produced by varying the time in which the ingot remains in the ger- 
minative temperature range during heating that is, by varying the rate 
of heating. 

Figs. 29 and 29A are micrographs of a tungsten ingot which was held 
for 20 min. at 2600° C., and then heated quickly to 3200° C. and held 
there for 10 min. The grain size of this sample is very much coarser 
than the normal grain size formed by rapid heating through the ger- 
minative temperature range and much finer than the grain size which 
was formed by a long sojourn in the germinative temperature range. 

The smallest grain size that can be produced in an ingot wiU depend 
upon the size of the tungsten particles composing the tungsten powder. 
At the time these particles weld themselves together (sinter), the small- 
est grain size which it is possible to obtain from this tungsten powder 
will result. A tungsten ingot in this condition, however, finds very 
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little use in the industries. It is too fine-grained to be easily amenable 
to the tungsten working process, especially when it is desired to secure a 
great amount of permanent deformation. For example, a tungsten 
ingot treated in this manner can be swaged and drawn only with the 
greatest difficulty from an ingot 3"^ in. square to a small drawn wire. 
Such a metal is so hard that the diamond die wear may be 50 times as 
great during drawing as that of tungsten ingots composed of larger 
grains. 

By heating the tungsten ingot just above the germinative tempera- 
ture, the smallest grain size in the growth range is produced. It is only 
in the growth range that the tungsten ingots lend themselves readily 



Plate 2. — Grain-size temperature curves of tungsten briquets. Figures 

REFER TO initial PRESSURE USED IN BRIQUETTING. TiME OF HEATING, 12 MIN. 

to the mechanical working process. As the temperature increases, the 
grain size of the tungsten ingots increases up to the melting point of the 
tungsten. 

The relatively coarse tungsten powder ordinarily employed in the 
manufacture of tungsten ingots is sufficiently coarse grained to mask 
the germinative temperature phenomena in the 0.75 per cent, thoria 
ingots during sintering. In these ingots, the grain size starts at a mini- 
mum at about 2600° C. and gradually increases up to the melting point. 
A typical set of results is shown in Plate 2. The curves show the varia- 
tion in grain size in tungsten ingots due to variation in the pressure to 
which the tungsten powder is subjected, and to variation in the tempera- 
ture to which the tungsten is heated. We may call a pressure of 30,000 
lb. to the square inch a normal pressure. The grain size of an ingot 
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sintered for 12 min. at 2500® C. will be about 80,000 grains per square 
millimeter. At 2600° C., the grain size is the same. This indicates that 
below 2600° C. tungsten containing 0.75 per cent, thoria is in its inert 
range. The grain size will become progressively larger as the tempera- 
ture is increased above 2600° C., so that at 3200° C. a grain size of 5000 
per square millimeter or less will usually result with tungsten metal 
containing 0.75 per cent, thoria. 

By increasing the pressure used in making the compressed tungsten 
slug to 200,000 lb. per square inch, the grain size becomes larger for any 
given temperature of treatment, as shown in Plate 2. The use of 200,000 
Ib. pressure in practice, however, is not only an extremely difficult task 
to perform but it is absolutely unnecessary for the accomplishment of 
any given purpose; for example, any result produced with 200,000 lb. 
per square inch pressure can be duplicated at a higher temperature 
with a smaller pressure. 

The tungsten powder is partly amorphous and partly crystalline. 
The crystalline particles are probably strain-hardened by the pressure, 
but these strains play little part in the grain growth. They are removed 
before sintering takes place. The reason that high pressure tends to 
make larger grains is that the tungsten particles are pressed into more 
intimate contact, thus facilitating grain growth. 

By comparing Plates 1 and 2, it will be observed that the increase 
in resistance to grain growth of about 4 per cent, thoria is equivalent 
to the decrease in resistance to grain growth due to lowering the tem- 
perature about 300° C. 

Changes in Grain Size Due to Incomplete Fusion op Tungsten 

Ingots 

Tungsten ingots containing about 0.75 per cent, thoria remain 
comparatively fine grained even up to the melting point. Fig. 30 is a 
micrograph of one of these ingots in which the central portion has fused 
and resolidified and the outer portion has remained entirely in the solid 
state. Fig. 30A represents the same structure at a higher magnification. 
We have been taught that when fused metal at the time of solidification 
is in contact with crystalline metal of the same composition, this latter 
will act as a nucleus about which the molten metal will crystalhze and 
assume the same orientation as the crystalline nucleus. In Fig. 30, 
when the tungsten was molten, it was in contact with hundreds of the 
small grains composing the unfused portion of the ingot. When solidi- 
fication began, why did not each one of these small differently oriented 
grains act as a nucleus for the crystallization of the molten tungsten? 
They probably did. If the crystallization of the fused tungsten began 
from many points with different orientation, why was the resulting struc- 
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ture so coarse-grained as that shown in Fig. 30? The answer in my opin- 
ion is as follows: When a molten metal is in the process of solidification, 
it is in its most susceptible condition for grain growth. In other words, 
the possibility of one grain absorbing adjacent grains in an almost in- 
conceivably short time is greater at the melting point of a metal than at 
any other temperature. Let us suppose that the crystallization of this 
fused tungsten began at the contact between the fused and the unfused 
portion. This must necessarily have been the case. The small grains 
would grow axially and if no grain growth could take place during the 
solidification, each of these grains would form a wedge, the small end 
being at the axis of the ingot. This has not taken place. Some of these 
grains having advantages over their neighbors, have acquired crystalline 
material from the molten metal faster than others. These more vig- 
orous grains have shot out arms perpendicular to their axes of growth 
and have absorbed not only the molten metal which should have gone 
to some of the other nucleii, but also some of the crystalline material 
which had solidified on other nucleii. In this manner only a few of the 
more vigorous grains have survived. 

Fig. 31 shows that if the original structure of the ingot is coarse- 
grained instead of fine-grained, the fused central portion will resolidify 
strictly in accordance with the laws of the initial nucleii. For example, 
it will be seen that every grain in the unfused portion has its continuation 
in the portion which fused and subsequently resolidified. There is no 
reason to suppose that at the beginning of solidification of Fig. 30, crys- 
tallization did not start from each and every small grain which was in 
contact with the fused metal. This leads us to the conclusion that, in 
cast metals, the grain size does not depend entirely on the number of 
nucleii from which crystallization begins, but that grain growth takes 
place at a remarkably fast rate during solidification. 

Tungsten and Carbon 

Tungsten in the presence of carbonaceous gases at high temperatures, 
or in contact with solid carbon at high temperatures, forms tungsten 
carbide, generally W 2 C. Tungsten containing even small amounts of 
tungsten carbide at the boundaries of the grains is extremely brittle and 
fragile both at room temperature and at high temperatures. It has 
not been possible to mechanically work tungsten ingots containing tung- 
sten carbide as a net work. Fig. 32 is a micrograph of a tungsten ingot 
made by adding 0.9 per cent, carbon in the form of lamp black to the 
tungsten powder before pressing. The tungsten carbide is the lighter 
constituent surrounding the grains of pure tungsten. This material is 
brittle, both hot and cold. 

When too much carbon is added, the tungsten ingot, especially if 
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thoria is present in the tungsten powder, will burst during the sintering 
operation. Fig, 33 is a photograph showing one of the bursted ingots 
containing carbon and a normal tungsten ingot without carbon. 

If a piece of tungsten metal is heated to a temperature of 1800® C., 
in contact with solid carbon or in the presence of carbonaceous gases, 
tungsten carbide forms readily at the surface of the sample. Carbon 
containing gases will act more quickly and at lower temperatures than 
solid carbon. Hydrocarbons may form tungsten carbide in contact with 
metallic tungsten at temperatures as low as 1100® C. Fig. 34 shows a 
piece of tungsten that was heated for 1 hr. in an electric furnace in an 
atmosphere of CO. The lighter portion is the tungsten carbide which 
forms on the surface. The darker portion is pure tungsten. Fig. 35 
shows a piece of tungsten metal heated for l}i hr. at a temperature 
near 1800® C., the tungsten being placed on a platform of carbon while 
an atmosphere of hydrogen was maintained in the furnace. The lighter 
portion is tungsten carbide. The depth of carbonization increases with 
increase in time. In Ij^^ hr. the depth of carbonization was 0.21 mm. 
and in 3 hr. 0.30 mm. at 1800® C. 

It has been found possible to work tungsten mechanically containing 
a considerable amount of tungsten carbide when the carbide was made 
separately, powdered, and added to the tungsten powder before pressing. 
Tungsten ingots containing tungsten carbide made in this manner 
may be mechanically worked when the carbon content is far in excess 
of that necessary to make the tungsten brittle ordinarily. When added 
in this way, the tungsten carbide does not surround the tungsten 
grains. 

General Considerations Regarding the Working Properties 

OF Tungsten 

The sintered tungsten ingots are usually comparatively fine grained, 
say from 1500 to 5000 grains per square millimeter. It is considered de- 
sirable at present to keep the grain size of the ingots comparatively small 
because the inherent resistance to grain growth will usually give better 
life properties to the tungsten wire when used for lamp filaments. It is 
easily possible, however, to get the grains too fine for proper mechanical 
working. The more thoria or other non-metallic materials present, 
the more does fineness of grain militate against the mechanical working. 
With 0.75 per cent, thoria, which is the amount ordinarily used, if the 
grain size in the ingot is more than about 7000 per square millimeter, 
the metal will be extremely hard to work, especially in the smaller sizes. 
It is usually advisable to keep the grain size below 6000 per square milli- 
meter. Tungsten ingots have been worked containing as high as 30,000 
grains per square millimeter, but the metal is so hard that it is impractical 
to work it as a commercial process. 
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With very coarse-grained structures — for example, with ingots con- 
taining grains each of which measures several square millimeters in area 
■ — the first stages of the mechanical working process are very apt to 
break the metal. If one of these coarse-grained ingots passes the first 
eight or ten pairs of swaging dies, the rest of the working process is 
comparatively easy — ^in fact, easier than the working of the tungsten 
rods made from finer-grained ingots. 

If it is desired to produce ductility in tungsten with a comparatively 
small amount of working, the following processes may be resorted to: 

1. The working should be carried on at as low a temperature as 
possible* 

2. The grain size of the ingot should be as small as will permit me- 
chanical working without causing excessive trouble. 

Either method, or both of the methods carried out simultaneously, 
will produce the desired effect, but the resulting product, which has 
been made ductile with a minimum amount of mechanical working, is 
not a suitable material for further mechanical working. It will be so 
hard that it will wear the dies unduly, and, furthermore, it will break and 
split easily during the working. What is more apt to be desired than 
the production of ductility in tungsten with a comparatively small 
amount of mechanical working is the possibility of working the tungsten 
a great deal before it becomes too hard and intractable for further work- 
ing. This end is accomplished in several ways: 

1. The grain size of the sintered tungsten ingot should be less than 
about 6000 grains per square millimeter. 

2. The working temperature at the beginning of swaging should be 
very high, say 1700° C. 

3. The initial swaging temperature may be considerably lower and the 
swaged tungsten rod can be subjected at intervals to a heating process 
which will cause the distorted grains formed by working to change 
into equiaxed grains, thereby forming a structure usually somewhat 
coarser-grained than that of the ingot. The equiaxed tungsten rod is 
then capable of a greater amount of mechanical working at the proper 
temperature than it would have been had it not been equiaxed. 

In order to produce ductile tungsten by this process, it is necessary 
that it be subjected to considerable mechanical work after the last 
equiaxing treatment. Aside from the difference in the shapes of the 
grains in worked tungsten which has subsequently been equiaxed, and 
sintered tungsten, the two are similar, that is, the ductility at room 
temperature which has been gained by mechanical working below the 
equiaxing temperature of tungsten is lost by equiaxing; it can only be 
regained by further mechanical working at the temperatures indicated. 

If it is desired to produce a piece of tungsten which is ductile at a 
particular size, this may be accomplished in the following ways: 
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1. By starting with a coarse-grained material of such a size that it 
will take a considerable amount of mechanical working to reduce it to 
the desired size. 

2. By starting with a fine-grained material of such a size that a 
moderate amount of mechanical working, say an elongation of 25 times 
its original length, will reduce it to the desired size. 

3. By starting with smaller sizes than would be used with (1) and 
(2) and performing the mechanical working operations at temperatures 
as low as possible. 

The reasons for the above generalities have been largely ascertained 
and will be considered later. 

From the time the tungsten wire reaches a diameter of 0.030 in. 
(0.76 mm.) or less, it is handled on reels. It would not be at all conven- 
ient, at any stage in the fine-wire manufacture, to heat it to such a tem- 
perature that the fibrous structures to which tungsten owes its ductility 
are destroyed. Such an operation would make the wire brittle and it 
. could not be handled on reels in lengths of a mile or more at room tem- 
perature (as is done now) but would have to be handled in comparatively 
short lengths. This would slow up production to such an extent that 
it could not be tolerated. 

Let us suppose that we have two tungsten ingots made from the same 
tungsten powder but that one of them has been sintered at the germina- 
tive temperature and, therefore, is coarse grained. Let us suppose that 
the other ingot has been sintered at a temperature above the germinative 
temperature and consequently is fine grained. Ingots of this nature 
have been made, in which the grain size was 50,000 times as great in the 
coarse- as in the fine-grained sample. These two ingots can be worked 
and treated in such a manner that when small wires are produced from 
them, they will be practically identical in structure. Both ingots are 
first swaged until their length has been about doubled or has reached 
some other suitable length ; then these swaged rods are heated in an at- 
mosphere of hydrogen by the passage of an electric current to a tempera- 
ture above that of equiaxing. The result in an individual case was as 
follows : 

Before treatment, the grain size ratio in the two ingots was 50,000 
to 1; after swaging to 100 per cent, elongation and reheating to above the 
equiaxing temperatime, the grain size ratio was 4:1. Fig. 36 shows 
a longitudinal section of the fine-grained ingot after swaging and re- 
heating, and Fig. 37 a longitudinal section of the coarse-grained ingot 
after swaging and reheating. After an additional swaging and reheating, 
the grain size of the two rods will be practically identical. This process 
can be used to equalize the structures of the tungsten rods when desirable. 
Fig. 38 is a typical example of a longitudinal section of a swaged tungsten 
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rod. Fig. 39 is a micrograph of a similar tungsten rod after heating for 
3 min. to a temperature of 3100° C. 

Tungsten rods which have been worked and recrystallized are stronger 
than sintered rods. In the sintered rods, the grains are exactly equiaxed, 
but in the recrystallized rods the grains are longer in a longitudinal 
than in a transverse direction. 

Equiaxing Temperature of Worked Tungsten 

The equiaxing temperatures of worked tungsten have been determined 
with an exposure of 5 min. The equiaxing temperature of a swaged 
tungsten rod which has been reduced in area by working about 24 per 
cent, is 2200° C. The equiaxing temperatures are gradually lowered 
both as the degree of deformation increases and as the temperatures 
of working decrease. Both of these, factors serve to give tungsten a 
long equiaxing temperature range. When the swaging process has been 
carried on so as to reduce the area by working about 90 per cent., the 
equiaxing temperature is 1800° C. for a period of 5 min. With the very 
small tungsten wires which have been reduced in area 99.99 per cent, or 
more, and which have been finished at a comparatively low temperature, 
say a dull red heat, the equiaxing temperature in a period of 5 min. 
will be in the neighborhood of 1350° C. The equiaxing temperature 
also decreases as the time of exposure increases. 

Gerrninative Temperature Phenomena in Worked Tungsten 

When most metals have their grains permanently deformed, a slight 
amount, say corresponding to a reduction of area of 1 per cent, or more, 
but usually not more than 20 or 30 per cent., gerrninative temperature 
phenomena are apt to render them coarse grained during a normal 
annealing process. With ordinary rnuffie heating, there is apt to be no 
temperature gradient, or at most a very slight one, and a moderate 
deformation will cause within the metal a strain gradient which will cause 
gerrninative grains to form at suitable temperatures with the consequent 
production of coarse-grained structures. 

When tungsten is deformed a moderate amount, say a few per cent, 
reduction in area, it should form these coarse grains at its gerrninative 
temperature, and it probably would if it were heated in a muffle to a 
temperature of about 2300° or 2400° C. When such a piece of tungsten, 
however, is heated by the passage of an electric current, the strain 
gradient has its maximum strain near the surface of the sample (at the 
point of application of the deformational forces) and the point of mini- 
mum strain is at the axis of the tungsten rod. When this rod is heated 
by passing an electric current through it, its axis is heated to a higher 
temperatme than its surface. The temperature gradient, therefore. 
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serves to counterbalance the strain gradient in such a manner as to 
defeat the formation of coarse grains. 

As the degree of deformation increases, however, the strain gradient 
from surface to axis of the tungsten rod becomes practically nil. The 
temperature gradient during heating or during a sojourn at a certain 
high temperature will still obtain. Germinative temperature phenomena 
are then apparent in worked tungsten. When a tungsten rod has been 
swaged from 0.250 in. (6.35 mm.) to 0.080 in. (2.03 mm.), coarse grains 
can be produced by maintaining the 0.080-in. rod at a temperature just 
above that of equiaxing for an extended period of time. Coarse grains 
may also be produced in these 0.080-in. swaged rods by heating gradually 
with electric current to a very high temperature. Fig. 40 is a micrograph 
of a sample of 0.080-in. swaged tungsten rod heated to a temperature 
of 3100° C., the time of heating being about 10 sec. Fig. 41 shows a 
piece of the same 0.080-in. swaged tungsten rod which was heated as 
quickly as possible to 3100° C. It will be noted that the sample that was 
heated quickly is comparatively fine grained and the sample that was 
heated more slowly is extremely coarse grained. The sample shown in 
Fig. 41 can be maintained at a temperature of 3100° C. for hours without 
changing its grain size noticeably. This shows that a variation in the 
change of rate of heating of 10 sec. may have more influence on the result- 
ing grain size than an exposure of many hours, or even many days, 
at the highest temperature reached. All ^ rates of heating requiring 
more than 10 sec. to reach 3100° C. will produce coarse-grained structures 
in these 0.080-in. rods. The heating of an 0.080-in. swaged tungsten 
rod to a temperature of 2800° C. in a period of 10 sec. or more will result 
in a coarse-grained structure. 

It should be noted in this respect that the presence of thoria in swaged 
tungsten operates against the formation of these large grains. It should 
also be noted that all of the heating is done by passing electric current 
through the metal itself in an atmosphere of hydrogen, thus causing a 
temperature gradient to 'exist in the heated sample. These examples 
of rapid grain growth are with tungsten ingots containing no thoria. 

At a temperature of 2750° C., the rate of heating must be 11 sec. 
or more in order to produce the coarse-grained structure. At a tempera- 
ture of 2700° C., if the time of reaching that temperature is less than 
7}i min., the structure will be fine grained, whereas if the time is more 
than 734 min., the structure will be coarse grained. At a temperature of 
2600° C., the time of heating to that temperature must be more than 
20 min. in order ta produce a coarse-grained structure. In these 
remarks, a coarse-grained structure indicates the very coarse-grained 
structure produced under exaggerated grain-growth conditions. These 
time periods will also change with the particular material used. 

If the 0.080-in. tungsten wire is held at a mean temperature slightly 
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above the equiaxing temperature for an extended time, large grains will 
form according to the regular germinative temperature law. Fig. 42 
will illustrate this grain growth at constant mean temperature, and a 
constant temperature gradient. This is a micrograph of an 0.080-in. 
swaged tungsten rod which has been reheated to a comparatively high 
temperature. The micrograph shows that portion which was held in 
the electrode clip and also the portion near the clip. It will be seen 
that on the left of the micrograph the grains are deformed. This was 
obviously the coldest portion. Temperature gradients in two directions 
would obtain near the electrode clip. There would be an axial tempera- 
ture gradient and a radial one. The portion at the extreme right of the 
micrograph was above the germinative temperature and this portion ex- 
hibits a rather uniform grain size throughout. At all portions, however, 
between the unrecrystallized portion and the extreme right of the mi- 
crograph, the germinative temperature has existed in some part of the rod. 
In the hotter zone, the germinative temperature has been near the 
surface, and in the cooler regions, near the axis of the rod. The ger- 
minative temperature areas can be seen readily in this micrograph, 
although sufficient time was not given for the germinative temperature 
regions to encroach upon the smaller grains of either the hotter or colder 
portions of the sample. This figure, therefore, represents the first 
stages of grain growth in the germinative temperature region. Fig. 
43 is a micrograph of a similar sample after the germinative grains have 
reached a larger coinparative size. Fig. 44 is a micrograph of the same 
sample as Fig. 43 in the hotter portion which was above the germinative 
temperature. It will be noted that the colder germinative temperature 
portion has produced larger grains than the hotter portion which was 
above the germinative temperature. 

When an 0.080-in. swaged tungsten rod is held at its germinative 
temperature, it takes considerable time for the coarse grains to form 
on the entire cross-section of the rod. As the size of the tungsten wire 
becomes smaller, sometimes a few seconds at the germinative tempera- 
ture is sufficient to cause the formation of coarse-grained structures. 
The presence of thoria also impedes the formation of large grains in 
these small tungsten wires. 

Table 2 shows the minimum time required to change tungsten wires 
originally possessing fibrous structures to coarse-grained structures, 
and also the variation in the diameter of wire and in the temperature to 
which it is heated. The tungsten wires used in these experiments did 
not contain thoria. The thoriated wires sometimes take as long as 
1000 or 1500 hr. to change into the coarse-grained structures unless the 
temperature be maintained at the germinative temperature. In this 
event, a few hours only are required to form the coarse-grained structure. 
It should be noted from Table 2 that tungsten wires 0.004 in. in diameter 
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form coarse-grained structures easily, whereas tungsten wires 0.005 in. 
in diameter or greater seem reluctant to form the coarse grains when the 
temperature is maintained constant either at or above the germinative 
temperatme. The coarse grains form more quickly at the germinative 
temperature than they do at higher temperatures, but there is a marked 
difference in time required to form the coarse-grained structures at the 
germinative temperature between the tungsten wires less than 0.005 
in. (0.127 mm.) diameter, and more than 0.005 in. diameter. 


Table 2 


Diam. of Wire in Mils 

Temperature in ®C. 

Minimum Time Require 
grained ^ 

Minutes j 

}d to Change to Coarse- 
3<;ructure 

Seconds 

j 

3 

3,100 

3 

0 

3 

2,900 

2 

45 

3 

2,800 

2 

0 

3 

2,700 

0 

45 

3 

2,650 

0 

30 

3 

2,600 

0 

7 

3 

2,550 

0 

20 

3 

2,500 

0 

20 

4 

3,100 

more than 2 

30 

4 

2,900 

3 

0 

4 

2,800 

3 

0 

4 

2,700 

2 

45 

4 

2,650 

2 

45 

4 

2,600 

2 

45 

4 

2,550 

1 

j 45 

4 

2,500 

1 

0 

5 

2,900 

13 

0 

5 

2,800 

more than 30 

0 

5 

2,700 

more than 30 

•0 

5 

2,650 

more than 28 

0 

5 

2,600 

more than 40 

0 

5 

2,550 

more than 60 

! 0 

5 

2,500 

more than 40 

0 

6 

i 

2,900 

more than 30 

; 0 


In the smaller tungsten wires, say below 0.005 in. diameter, containing 
no thoria, it will be noted that coarse-grained structures are formed in 
comparatively short time periods when the temperature is raised above 
the germinative temperature very quickly and maintained above the 
germinative temperature. The coarse grains form more readily, how- 
ever, in these wires at the germinative temperature than at higher tem- 
peratures. Furthermore, a slow heating through the germinative tem- 
perature range will produce coarse-grained structures very much more 
readily than a rapid heating past the germinative temperature range 



ZAY JEFFRIES 


611 


followed by a sojourn at the higher temperature. If the diameter of 
the wire is more than about 0.005 in., the easiest way to form the coarse- 
grained structures is by slow heating through the germinative tempera- 
ture range followed by a sojourn at a higher temperature. It can be 
seen from Table 2 that it may take as long as an hour to form coarse- 
grained structures with wires 0.005 in. or greater in diameter either 
when held at the germinative temperature or above it. Coarse-grained 
structures in these samples, however, can be produced in a few seconds 
by heating the wire slowly through the germinative temperature range. 

Fig. 45 is a typical example of the fine-grained structures produced in 
these experiments and Fig. 46 is a typical example of the coarse-grained 
structures. 

The formation of coarse-grained structures during a gradual heating 
through the germinative temperature range needs further consideration 
here. The effect of heating so quickly that germination does not have 
time to assert itself in the germinative temperature range has already 
been considered. In the pressed tungsten slug, for example, a heating 
period of 6 min. can be used to attain the highest temperature without 
any exaggerated grain growth. Some of the swaged tungsten rods, how- 
ever, and also the small drawn wire, must be heated through the germina- 
tive temperature range in less than 10 sec. to defeat the formation of the 
coarse-grained structures. The germinative temperature will be lower 
as the time of heating is increased. For example, if a tungsten wire is 
heated by electric current to a temperature just above that of equiaxing 
and held there for an indefinite time, coarse grains will be formed for 
reasons discussed above. If, however, the tungsten wire is held at a 
temperature several hundred degrees above the equiaxing temperature 
for a short time, a coarse-grained structure may be produced in a shorter 
time. If the tungsten rod is heated to a temperature far above that of 
equiaxing, fine grains will first form. They may change to large grains 
due to normal grain growth, but not by germination; or they may re- 
main as small grains. 

The equiaxing temperature is a function of the time, and conse- 
quently the germinative temperature which depends to a certain extent 
upon the equiaxing temperature will also be a function of the time. 
If we could heat a piece of cold- worked copper to 1000° C. and cool it 
again to room temperature, the whole cycle taking but a millionth of a 
second, we would find that the structure of the wire had not been mate- 
rially changed nor would the properties at room temperature be changed. 
In other words, cold-worked copper which will recrystallize or equiaxe 
at a temperature of 250° C. if sufficient time be given, will not equiaxe 
or recrystallize in a milhonth of a second at a temperature 750° 
higher. Experiments of this nature have been conducted on tungsten 
wire. The wire can be flashed to a temperature near its melting point 
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and quickly cooled to room temperature without apparent change in its 
structure or properties. Recrystalhzation of deformed grains involves 
a certain time period. If the temperature is comparatively low, the 
time is long, and vice versa. 

When a fibrous tungsten wire is heated at a rapid rate by means of 
electric current, but not so rapidly that the germinative temperature laws 
are masked, germinant grains will form at some temperature depending 
upon the rate of heating. These germinant grains should be able to 
absorb both hotter and colder smaller grains faster than these smaller 
grains can coalesce with one another. When this condition obtains, 
coarse-grained structures will result. The gradual rise in temperature 
favors the absorption of the smaller grains by the larger germinant 
grains. The grain growth becomes a race between the germinant grains 
and the smaller grains. This race is in its critical period at the beginning 
of germination. After the germinant grains have once acquired a size 
much larger than the mean size of the smaller grains, the latter are 
absorbed readily at any temperature in the grain-growth region. 

Another example of germinative temperature conditions is shown in 
Fig. 47, a micrograph of a molybdenum hook used to support tungsten 
filaments in electric incandescent lamps. This hook was in the fibrous 
condition when it was put in the lamp. It has been heated in the lamp 
from the heat of the tungsten filament which it supported and with 
which it was in contact at one point only, namely, at the bottom of the 
loop portion. It received heat by conduction and radiation from the 
coiled tungsten filament. There would be temperature gradients in 
two directions in this wire, one axially and one radially. The combina- 
tion of these two temperature gradients has produced the structure seen 
in Fig. 47. It will be noted that at the point of contact between the 
tungsten wire and the molybdenum hook, the latter is fine grained. 
The temperature at this point was above the germinative temperature. 
At points more remote from the point of contact between the hook and 
the filament, there is every gradation in structure from fine grained 
throughout to coarse grained throughout. At the contact between 
the recrystallized and unrecrystallized portion (shown at the extreme 
right of Fig. 47) the molybdenum hook is very brittle. It is ductile in 
the fully recrystallized region and also in the unrecrystallized region. 

Effect of Time and Temperature on Grain Size in Tungsten 

A series of experiments was carried out on swaged timgsten rods 
0.075 in. diameter made from tungsten metal of three different varieties. 
Two of the sets of samples contained 0.75 per cent, thoria and the third 
set contained no thoria. The results of these experiments are given in 
Table 3. 

This table shows plainly that the increase in grain size with increase 
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in time is not regular. It is as regular, however, as might be expected 
with different samples. At the time these experiments were carried 
out, the writer was not aware of the extreme rapidity of the formation 
of germinant grains during heating. Some of the radical results indicated 
in Table 3 were found later to have been caused by the germinative 
temperature conditions during heating. 


Table 3 


Kind of Metal 

Temperature 

°C. 

Time of Exposure 

Grains 
per Square 
Milhmetir 

Hr. 

Mm. 

Sec. 

(A) 5-^ per cent, thoria 

2,500 

0 

0 

30 

3,400 

per cent, thoria 

2,500 

0 

1 

0 

2,700 

per cent, thoria 

2,500 

0 

5 

0 

2,700 

M per cent, thoria 

2,500 

0 

25 

0 

2,200 

% per cent, thoria 

2,500 

2 

0 

0 

3,000 

% per cent, thoria 

3,000 

0 

0 

30 

2,300 

per cent, thoria 

3,000 

0 

1 

0 

2,200 

% per cent, thoria 

3,000 

0 

5 

0 

2,500 

per cent, thoria 

3,000 

0 

25 

0 

1,800 

% per cent, thoria 

3,000 

2 

0 

0 

2,300 

per cent, thoria 

3,000 

9 

45 

0 

2,200 

(C) No thoria 

2,500 

0 

0 

30 

1,700 

No thoria 

2,500 

0 

1 

0 

1,900 

No thoria 

2,500 

0 

5 

0 

2,800 

No thoria 

2,500 

0 

25 

0 

1,000 

No thoria 

2,500 

2 

0 

0 

1,600 

No thoria 

3,000 

0 

1 

0 

900 

No thoria 

3,000 

0 

5 

0 

1,500 

No thoria 

3,000 

0 

25 

0 

1,100 

No thoria 

3,000 

2 

0 ' 

0 

1900 

(D) per cent, thoria 

2,500 • 

0 

0 

30 

2,000 

% per cent, thoria 

2,500 

0 

1 

0 

2,300 

per cent, thoria. . . . 

2,500 

0 

5 

0 

1,700 

per cent, thoria. . . . 

2,500 

0 

25 

0 

2,100 

% per cent, thoria. . . . 

2,500 

2 

0 

0 

1,800 

per cent, thoria. . . . 

2,500 

9 

45 

0 

1,600 

per cent, thoria. . . . 

3,030 

0 

0 

30 

1,900 

per cent, thoria. . . . 

3,000 

0 

1 

0 

2,000 

% per cent, thoria. . . . 

3,030 

0 

5 

0 

1,900 

per cent, thoria. . . . 

3,000 

0 

25 

0 

2,000 

per cent, thoria, . . , 

3,000 * 

1 

2 

0 

0 

1,700 


The conclusions reached from the results given in Table 3 are as 
follows : 

1. Rccrystallization is complete in less than 30 sec, at temperatures 
of 2500° C. or above. Aside from the germinative temperature phe- 
nomena, grain growth has established an approximate equilibrium 
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grain size at the end of 30 sec. Further heating for 9% hr. increases 
the grain size but slightly. 

2. In the tungsten rods containing thoria, the difference in grain 
size between a temperature of 2500° C. and a temperature of 3000° C. 
with the time period constant is very slight. 

3, With tungsten containing no thoria, the difference in grain size 
for a given time between 2500° C. and 3000° C. is more marked. 

Tungsten ingots during sintering also attain an approximate equilib- 
rium grain size for a given temperature in a few minutes. This is espe- 
cially true at the higher temperatures of sintering, say 3200° C., whereas 
if the sintering is done at a lower temperature, a longer time is necessary 
for an approximate equilibrium grain size to be produced. 

Structure and Properties of Tungsten Filaments After Use 

Tungsten incandescent electric lamps are all so designed that when 
the lamps are used at rated voltage the temperature of the filaments 
will be above the recrystallization or equiaxing temperature of tungsten. 
This is especially necessary when the long time of heating of the filaments 
is considered. Since the operating temperatures of lamp filaments 
are in the grain-growth region of tungsten (above the equiaxing tempera- 
ture and below the melting point) and since the time of heating in this 
grain-growth range is long, sometimes exceeding 1500 hr., the structure 
of the filament will change during the life of the lamp. After a short 
burning, tungsten wires containing thoria will possess structures similar 
to that shown in Fig. 48. It will be noted that the grains are longer in 
the direction of the working than in a perpendicular direction. During 
the life of the lamp, this elongation is even more marked. Fig. 49 is a 
micrograph of a 40- watt tungsten filament after burnout. This filament 
contained thoria. It will be noted that the grains have been greatly 
elongated during the life of the lamp. These grains are equilibrium 
grains so far as deformational strains are concerned. The growth in a 
longitudinal direction has been more rapid than in an axial direction. 
The underlying causes for this type of grain formation have been studied, 
and the following conclusions have been reached: 

The spherical thoria globules existing in the tungsten ingot before 
working are elongated during the working operations. They do not, 
however, elongate as much as the metallic grains. The drawn tungsten 
wire will consist of metallic fibers of tungsten elongated in the direction 
of working and non-metallic fibers or miniature rods of thoria parallel 
to the metallic tungsten fibers. When this wire is heated above its 
equiaxing temperature, the metallic fibers will change into very small 
equiaxed grains, but the thoria rods, if they change at all, only break 
up into rows of spheres, each row occupying the same general position 
as the thoria rod from which it was formed. Even the breaking up of the 
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thoria into spheres takes considerable time. After the metallic grains 
of tungsten have broken up into very small equiaxed grains, these coalesce 
with one another, forming fewer and larger grains. Grain growth will 
take place in accordance with the time, temperature, and resistance to 
grain growth. The resistance to grain growth in an axial direction will 
be much greater than in a longitudinal direction. In an axial direction, 
the thoria rods, or rows of thoria spheres, will present much more surface 
to resist grain growth than in a longitudinal direction, because the sides 
of the thoria rods will offer resistance to radial grain growth. Only 
the ends of the thoria rods, however, will offer resistance to grain growth 
in a longitudinal direction. By calculation, it can be shown that the 
resistance to grain growth in an axial direction due to the presence of 
thoria may be more than 50 times that in a longitudinal direction. 

It will be seen later that the forced formation of the elongated grains 
in a tungsten filament makes it very much more rugged than it would 
have been had the grains been exactly equiaxed. Fig. 50 is a micrograph 
of one of the old squirted or pressed tungsten filaments after life test. 
This micrograph was kindly furnished by Mr. C. D. Young, of the 
Pennsylvania Railroad Co. It will be noted that the grains in this wire 
are equiaxed. This is the structure which renders tungsten extremely 
brittle and fragile at ordinary temperatures, whereas the structure shown 
in Fig. 49 renders tungsten rugged at room temperature. The reasons 
for this will be discussed later. 

'A great many different types of structure are encountered in tungsten 
filaments after they have been used for various lengths of time. Fig. 
49 is a typical example. 

The difference in resistance to grain growth between tungsten con- 
taining thoria and tungsten containing no thoria can be seen by referring 
to Figs. 51 and 52. Fig. 51 contains 0.75 per cent, thoria and Fig. 52 
no thoria. Both wires have been heated for 10 min. to a temperature 
near 2850° C. These micrographs are of the natural surfaces of the wires. 
The boundary material of the grains volatilizes more rapidly than the 
crystalhne material, so that the grain boundaries can be seen without 
etching. 

If tungsten develops very coarse grains when used as a filament, it 
has the property of being much stiflfer at high temperatures than when 
composed of fine grains. The wires will not sag due to their own weight 
even when heated to a temperature of about 2800° C. If the filament, 
however, is fine grained, it may sag badly due to its own weight. There 
is danger in producing coarse-grained structures, because if a boundary 
line between two grains cuts sharply across a section of the filament 
on a plane approximately perpendicular to its axis, one section of the 
filament may be displaced in a direction perpendicular to its axis, thus 
causing the phenomenon know as ‘^offsetting. We now know that at 
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the boundaries between two tungsten grains a film of amorphous tungsten 
exists (this assumes the validity of the amorphous theory) and that at 
the temperatures at which the lamp filaments are used, this amorphous 
film is more or less fluid and weak mechanically. This is why the fine- 
grained tungsten wires are weaker at high temperatures than the coarse- 
grained tungsten. This is also the reason that offsetting takes place at 
the grain boundaries traversing the whole cross-section of the wire. 

It is possible to form tungsten wires which are both coarse grained 
and substantially non-offsetting. Fig. 53 is a micrograph of a tungsten 
filament that is both coarse grained and non-offsetting. It can be noted 
that these grains are very long in a direction parallel to the axis of the 
wire, and that at no place does a grain boundary extend across the 
diameter of the wire in such a way that offsetting can take place. 

Weldability of Tungsten 

Many attempts have been made to weld the particles of tungsten 
together by working at a very high temperature. No headway has been 
made in this direction. To be workable, a piece of tungsten must be 
substantially non-porous — that is, the individual particles must have 
been previously welded together at a temperature near the melting 
point of tungsten in an atmosphere of hydrogen or other gas which is 
either helpful or at least not harmful to the tungsten. 

Sometimes the swaged tungsten rods split during the swaging operation. 
Attempts have been made to weld these split portions together by work- 
ing at a high temperature. The highest temperature available was 1700- 
1800*^ C. It was not found possible to weld the tungsten in this manner. 
Tungsten can be welded electrically at temperatures near fusion. 

Notes on Polishing, Mounting and Etching Tungsten 

Tungsten is not an easy metal to polish. It is so resistant to the action 
of abrasion of the polishing powders that levigated alumina can be sub- 
stituted for tripoli to advantage just preceding the rouge. 

White cast iron has been used to advantage as a mounting material for 
small pieces of tungsten which cannot conveniently be handled without 
some sort of a mounting. The piece of tungsten to be mounted is put in a 
mold and the molten cast iron poured around it. The white cast iron and 
tungsten are so nearly the same hardness that flat surfaces can be pro- 
duced on the tungsten during polishing. It is sometimes very difficult 
to mount and polish the smallest tungsten wires. This has been accom- 
plished in a successful manner, however, on wires less than 0.001 in. in 
diameter. One satisfactory method is as follows: An ordinary malleable 
iron ^^-in. (9.5-mm.) pipe cap is planed on the closed end outside. It is 
then drilled on the inside to a plane parallel to the outside plane. A 
round cover glass is put on the inside of the pipe cap, on which are placed 
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several pieces of the small tungsten wire to be polished. Another covej* 
glass is placed on top of these wires, after which the opening of the pipe 
cap is filled with powdered glass. It is then put in a furnace, being main- 
tained in an upright position, and heated for about 5 min. to a tempera- 
ture of 800° or 900° C. It has been found in many experiments that this 
temperature does not affect the structure of tungsten wire. The pipe 
cap with contents is then removed from the furnace and the glass which 
has congealed is pressed tightly into the pipe cap and allowed to cool 
slowly. The metal portion on the end of the pipe cap is then turned off in 
a lathe and the glass is exposed. This glass containing the samples of 
tungsten is polished in the ordinary manner until the tungsten wires are 
exposed, and the polishing is completed in the ordinary manner. 

Boiling hydrogen peroxide is used for etching most of the tungsten 
products. Tungsten may also be etched electrolytically with good 
results, using a solution of . odium hydrate for electrolyte. 

Why is Fibrous Tungsten Ductile? 

This question has been the subject of much work and much thought. 
The fact that fibrous tungsten is ductile has been known for 10 years, but 
no explanation has been forthcoming. The result could not have been 
predicted from metallurgical knowledge. The explanation has been 
worked out step by step. The researches which have finally resulted in 
an explanation also permit the postulation of some new metallographic 
laws relating to all metals. In making the explanation, the amorphous 
theory is considered valid. The explanation, however, does not depend 
upon the validity of the amorphous theory or any other theory; it depends 
on facts which have been experimentally ascertained. These researches 
may, in fact, be used to strengthen the amorphous theory. 

Crystalline tungsten is somewhat malleable and ductile at room tem- 
perature — ^that is, if a single grain of tungsten can be isolated, it can be 
slightly deformed cold before rupturing. The cold deformation strain 
hardens the tungsten grain and makes it brittle, similar to this action in 
common ductile metals. Crystalline tungsten can also be deformed 
above room temperature; it is capable of more permanent deformation 
without becoming brittle, the higher the temperature at which the defor- 
mation is produced. 

Amorphous tungsten is very brittle at room temperature. It is capa- 
ble of being deformed without rupture at high temperature. Tungsten 
composed of small equiaxed grains is not ductile or malleable at room 
temperature. It may be both malleable and ductile at elevated temper- 
atures. A fracture at room temperature shows that the break has taken 
place largely at the grain boundaries. Occasionally, along the fracture 
line, a grain is encountered which has been broken in two, but this will be 
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caused by a local high resistance to rupture along the grain boundaries. 
Fine-grained tungsten can be deformed under suitable conditions (such 
as are outlined previously) at high temperatures. 

The reasons why fibrous tungsten is ductile when cold can be stated 
briefly as follows: Tungsten composed of equiaxed grains is brittle at 
room temperature because the brittle amorphous phase at the grain 
boundaries permits rupture before a load sufficient to deform the mal- 
leable crystalline phase can be applied. Tungsten possessing this 
structure is brittle even though the crystalline material present is more 
capable of permanent deformation at room temperature than the crys- 
talline portions of fibrous tungsten. Fibrous tungsten is ductile at 
room temperature (assuming that the fiber has been produced under 
proper conditions) in spite of the fact that it contains more of the amor- 
phous phase than equiaxed tungsten. It is ductile because the grain 
distortion by working arranges the grain boundaries in such a manner 
that the resistance to rupture along them is so great that rupture is 
forced to take place through the deformed grains themselves. These 
grains, which will usually have been deformed above room temperature, 
will possess the ability to be further deformed at room temperature; 
rupture through them cannot take place without further deforming 
them, so the metal assumes ductility. The subject of deformation of 
metallic grains at a certain temperature and the increase of ductility 
by lowering the temperature will be treated later. 

We must accept as a fact, which I have observed many times, that rup- 
ture along the amorphous planes in tungsten is much more pronounced 
along grain boundaries than along the amorphous slip planes in de- 
formed tungsten grains. It is probable that the path of rupture along 
the amorphous slip planes in a deformed grain would be many times more 
intricate, involving intermeshings of submicroscopic size, than the path 
of rupture along the grain boundaries themselves. Whatever may be 
the explanation for this, we must accept it as fact. It should be kept in 
mind that only when the amorphous phase of the metal becomes very 
brittle does the fracture seek the grain boundaries. This condition 
obtains in tungsten at room temperature but not in the ordinary ductile 
metals. 

Even a fibrous tungsten wire which is ductile is only malleable when 
the deforming pressure is applied at all points of its circumference at the 
same time, like the swaging die action. When one of these wires is 
placed on an anvil and struck with a hammer, it splits into many threads 
— ^that is, the deformed grains separate from each other. 

Probably one of the major causes for rupture along the amorphous 
grain boundaries in tungsten, in preference to through the grains them- 
selves, is the difference in coefficient of expansion of the amorphous and 
crystalline phases. Glass, a completely amorphous substance, can be 
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cracked by unequal heating or cooling, the cracks resulting from the 
different degrees of expansion or contraction of different parts of the 
piece. If we consider that fine-grained tungsten is nirade up of crystal- 
line grains surrounded by films of amorphous tungsten, then these two 
phases will have different coefficients of thermal expansion. At the 
higher temperatures, these differences are easily adjusted because of the 
plasticity of the amorphous phase. At lower temperatures, however, 
both the amorphous and crystalline phases will be very rigid. This will 
force the strains of unequal expansion during heating or unequal con- 
traction during cooling, into either the crystalline or amorphous material, 
or both. There are several reasons why these strains at low temperatures 
should be taken up largely by the amorphous phase. The amorphous 
phase is the only one possessing continuity. The crystalline phase 
consists of grains none of which actually touch each other. The conti- 
nuity of the system depends on the amorphous phase. Any difference in 
coefficient of expansion between the amorphous and crystalline phases, 
no matter in what direction the difference may be, must affect therefore 
the amorphous phase. If internal strains are set up in this manner at 
the grain boundaries, smaller external loads will be required to cause 
rupture than would be indicated by the actual measure of cohesion of the 
isolated amorphous phase. 

To obtain a somewhat better idea of these phenomena, let us consider 
the properties of tungsten wires about 0.007 in. (0.18 mm.) diameter 
with four types of structure. 

1. The Whole of the Wire Is Composed of a Single Grain. — Since 
crystalline tungsten is somewhat malleable and ductile at room tem- 
perature, such a wire could be deformed cold. Cold deformation would 
strain-harden the tungsten and make it more brittle, and when continued 
far enough would break it because of the brittleness. The permanent 
deformation of the crystalline tungsten would generate amorphous 
tungsten at the planes of slip. The hardening and embrittling would be 
caused by the amorphous metal. 

2. The Tungsten Wire is Composed of Small Equiaxed Grains. — ^Such a. 
tungsten wire is brittle and fragile at room temperature. It cannot be 
appreciably bent (except the bending which takes place within its elastic 
limit) without breaking. The break will take place largely along the 
grain boundaries. These grain boundaries consist of thin films of tung- 
sten in the brittle amorphous condition. The amorphous phase has in 
reality greater cohesion than the crystalline phase at room temperature, 
but it is under great internal stress due to the difference in coefficient of 
expansion between it and the crystalline phase. 

3. The Tungsten Wire Has a Fibrous Structure. — To obtain a mental 
picture of this particular structure, suppose the ingot from which the wire 
was made was 3^^ in. (6.35 mm.) square and contained 3800 grains per 
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square millimeter. It is worked at temperatures below that of equiaxing so 
that the grains are progressively elongated from the beginning of working. 
When the wire is 0,007 in. diameter, the grains will have been changed into 
fibers the average length of which will be about 1 in. and the average 
diameter about 0.00002 in. The end of a given metallic fiber will usually 
not be contiguous to the ends of other fibers with which it is in contact. 
A tungsten wire with such a structure is ductile cold. It can be drawn 
cold, bent cold, coiled, etc. It will contain more amorphous tungsten 
than the fine-grained sample which was brittle. It will be ductile cold 
because the metal has a tendency to break along the amorphous planes 
at the grain boundaries and the path of rupture along these will be so 
great that the break is forced to take place through the crystalline 
material which, though not as malleable and ductile as the crystalline 
material before strain hardening, will still possess the properties of 
malleability and ductility to a certain extent at room temperature. A 
break through it, therefore, must cause a certain amount of deformation 
before rupture can take place, thus giving rise to the property of ductility. 

4. The Wire Consists of Elongated Grains Which Have Not Been 
Strain-hardened . — Such a structure results from long heating of tungsten 
containing thoria or other non-metallic substances. The arrangement of 
the grains makes a long path for rupture along the grain boundaries, so 
a much greater load can be applied before rupture than when the metal 
is composed of equiaxed grains. This makes tungsten possessing an 
elongated grain structure stronger or more rugged than the equiaxed 
structure. At times, such wires even possess slight ductility at room 
temperature. Electric incandescent lamp filaments frequently possess 
these elongated grain structures and are as a consequence very rugged. 

It is thus seen that the ductiMty of tungsten at room temperature 
does not depend on the quantity of amorphous tungsten, but on its ar- 
rangement. It has been stated before that the tensile strength of a tung- 
sten ingot is about 18,000 lb. per square inch. Tungsten wire possessing 
a fibrous structure at 0.007 in. diameter will have a tensile strength of 
about 340,000 lb. per square inch. The actual cohesion is greater in the 
drawn tungsten wire than in the equiaxed ingot. The cohesion measured 
in each case is that of a system made up of what may be considered 
physically as two separate materials with different properties, but in the 
case of the equiaxed ingot the internal weakening strains predominate 
and in the case of the fibrous wire they are eliminated. 

As an example of the action of the crystalline and amorphous phases 
in equiaxed and fibrous tungsten, let us suppose that a structure is made 
up of grains of iron which we will consider as analogous to the crystal- 
line tungsten, the grains being bound together with very thin films of 
glass which we will consider analogous to the amorphous tungsten cement 
surrounding the grains. In the first example, let us suppc^e that the 
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grains of iron are equiaxed and unstrained — ^that is, sinular to equiaxed 
tungsten. This structure will assume largely the properties of the brittle 
glass cement. If a grain of iron could be isolated, it would be malleable, 
but if the structure taken as a whole is hammered, it will fly to pieces, 
and if broken in tension, the breaking load will be too small to force 
any marked permanent deformation on the iron grains. This structure 
will be brittle. If, however, the structure were heated to a red heat, at 
which temperature both iron and glass are known to be workable, then 
considerable deformation could be effected by hammering or rolling. 
Let us suppose that such a structure could be rolled or drawn while hot 
until the dimensions of the deformed iron grains would be comparable 
to the dimensions of tungsten fiber. The glass film surrounding the 
grains of iron will remain intact. (In the actual working of the metal, 
it is very probable that the amorphous films surrounding the grains are 
made thicker by mechanical working.) Let us further suppose that in 
this amount of deformation the iron grains still possess some ductility 
in the cold. When cold ductility tests are made, it will be found that the 
glass films are no longer in a commanding position and the path of 
rupture will be forced largely through the deformed iron grains them- 
selves. Such a structure with the same quantity of glass present will be 
ductile at room temperature. It has not been attempted to make the 
analogy perfect, because glass does not possess the same properties as 
amorphous tungsten, nor does iron possess the same properties as crystal- 
line tungsten, and glass could not be generated within an iron grain during 
deformation. 

That the fracture in tungsten tends to take place along the grain 
boundaries is shown conclusively in Fig. 55. This fracture was in a 
coarse-grained sample. One of the cracked boundary lines in Fig. 55 ex- 
tends to the surface of the tungsten ingot, and the crack does also. In 
one place where the grain boundary line was rather jagged, the fracture 
took place through a portion of the crystalline material rather than at 
the grain boundary. The other cracked grain boundary abuts a fine- 
grained portion of the tungsten ingot at which the crack stops abruptly. 
This shows that resistance to rupture is less along a rather straight 
grain boundary than around the grain boundaries of fine-grained metal. 
Fig. 56 shows how the crack has jumped across the crystalline portion 
in preference to following the jagged grain boundary line. Fig. 57 shows 
the abrupt ending of a crack where the grain boundary line between two 
large grains intersects a fine-grained area, and* Fig. 58 shows that the 
fracture of a fine-grained area follows in general the grain boundary line. 
There are two or three cracks in Fig. 42, and it can be plainly seen that 
these cracks follow the grain boundaries. 

That rupture tends to take place along the boundaries of deformed 
grains in fibrous tungsten can be seen from. Fig. 54. That the fracture 
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does not take place entirely along these grain boundaries is due to the fact 
that the resistance to rupture through the deformed grains or fibers is less 
in fibrous tungsten than along the deformed grain boundaries. If the 
deforming load is applied to fibrous tungsten longitudinally, the wire is 
ductile, but if applied transversely, it is brittle. 


Some General Metallographic Propositions 

The discussion in the preceding caption shows why fibrous tungsten is 
more ductile at room temperature than equiaxed tungsten. Another sig- 
nificant fact has been observed with tungsten, namely, that after the limit 
of ductility has been reached by working at, say, a red heat, the tungsten 
after cooling to room temperature or other lower temperatures becomes 
ductile at these temperatures. Experiments have been made which show 
that this phenomenon is common to all ductile metals. The reasons have 
been ascertained. The underlying reason for the loss of ductility by 
working a metal at a certain temperature below its annealing temperature 
and the regaining of ductility by cooling to some lower temperature, is 
that the amorphous phase of any metal will increase in cohesion on cool- 
ing, at a faster rate than the crystalline phase. Let us refer to Plate 3. 
This shows the general cohesion-temperature curves of the amorphous 
and crystalline phases of metals. The direction of the curves will have 
to be determined for any given metal, but the general relationship will be 
found similar to those given in Plate 3. The curve traced in by a con- 
tinuous line represents the change in cohesion of the amorphous phase 
with change in temperature. The cohesion is substantially zero at the 
melting point of the metal and increases as the temperature decreases, 
reaching a maximum at absolute zero. The dotted curve represents the 
change in cohesion of the crystalline phase with change in temperature. 
The crystalline phase disappears and changes into the amorphous phase 
when the metal is melted. On cooling from above the melting point, the 
crystalline phase forms during solidification and immediately at the 
melting temperature its cohesion assumes a finite value many times 
greater than that of the amorphous phase at the same temperature. On 
cooling below the melting point, however, the crystalline phase increases 
in cohesion at a very much slower rate than the amorphous phase. At 
some temperature between the melting point and absolute zero (in most 
metals not far from 0.35 to 0.45 of the absolute melting point) the 
cohesion of the crystalline phase will be the same as that of the amor- 
phous phase. This temperature I have called the ‘‘equi-cohesive tem- 
peratm'e.”^^ It corresponds in most, if not all, metals, to the lowest 
equiaxing temperature of the severely cold-worked metal. Just as the 
equiaxing temperature of the metal is increased with decrease in the 
time of heating, the apparent equi-cohesive temperature increases as the 
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time of appl 3 ring the load by which the cohesion is measured is decreased. 
If a metal is deformed above the equi-cohesive temperature and kept at 
that temperature, the grains will not remain permanently deformed, but 
will equiaxe; the properties of the metal will be different after equiaxing. 
If, however, the grains are deformed below the equi-cohesive tempera- 
ture, they will remain permanently distorted. Below the equi-cohesive 



Plate 3. — Cohesion-temperature curves op amorphous and crystalijne 

PHASES op any metal. 

temperature, the amorphous phase has not only greater cohesion than 
the crystalline phase but its cohesion increases much faster with de- 
crease in temperature. 

Let us suppose that Plate 3 represents the cohesion-temperature 
curves of tungsten and that the temperature of wire drawing is 4tf- 
The crystaUine phase at this temperature has a cohesion of 2c and the 
amorphous phase 4c. The wire drawing can be continued until the load 
necessary to break the wire at a temperature of 4:f is not sufficient to 
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deform the crystalline phase further. Before any deformation has taken 
place at the crystalline phase will have a cohesion of 2c, but as the 
deformation continues amorphous metal will be generated at the planes 
of slip, and these being in a commanding position will increase the ap- 
parent cohesion of the deformed grain. Now let us suppose that room 
temperature corresponds to If. The cohesion of the crystalline phase 
at this temperature is 2.7c and that of the amorphous phase is 8.1c. 
It will be noted that the amorphous phase at room temperature is 5.2c 
more cohesive than the crystalline phase, whereas at Af it is only 2c 
more cohesive. The limit of ductility at 4i° was governed to a certain 
extent by the difference in cohesion between the amorphous and crystal- 
line phases. By cooling to room temperature this difference has increased 
3.2c. If now the metal is subjected to a ductility test at room tem- 
perature, a load sufficient to deform the crystalline phase further can 
be applied before rupture takes place; in other words, the metal is ductile 
and it has gained ductility because the amorphous phase increases in 
cohesion with decrease in temperature at a faster rate than the crystalline 
phase. 

One point must not be confused. The limit of ductility of a metal 
at a certain temperature does not mean that the crystalline phase has - 
been deformed to the greatest possible extent at that temperature. It 
simply indicates that the load necessary to deform the crystalline phase 
further cannot be applied to the metal by tension without breaking it. 
Even though it takes a greater load to deform the crystalline phase at a 
lower temperature, the increased load which can be applied by tension 
before rupture takes place (depending largely upon the cohesion of the 
amorphous phase) will be much more than the increase in the cohesion 
of the crystalline phase. Much more deformation can be forced on a 
given metal at a temperature below that of equiaxing by application of 
pressure than by tension. Rupturing of metals by pressure, however, 
must be considered as a natural modification of rupture by tension. 
A metal, for example, can be subjected to the highest hydrostatic pres- 
sures now available without permanently deforming it in the least. Pres- 
sure alone, therefore, will not change the external shape of a metal — 
that is, it will not permanently deform it. Deformation by pressure, 
therefore, implies a difference in pressure between two parts greater 
in magnitude than the cohesion of the metal to be deformed. In some 
cases, during the application of pressure to a metal, certain parts are 
actually in a state of tension and may break because of it. In other 
eases all parts of the metal may be subjected to pressure but certain 
parts will receive enough more pressure than other parts to cause per- 
manent deformation. By utilization of the property of malleability, 
a metal may be deformed to a greater extent than by the utilization of 
ductility. 
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It is doubtful whether the actual limit of deformation of any crystal- 
line metal has ever been reached experimentally. The temporary limit 
of deformation is always reached when the load necessary to cause it 
also causes the metal to rupture. 

Beilby^s observations on copper, gold, and silver fit in with these 
ideas very nicely. A description of his experiments are here given in 
his own words:* “Gold, silver and copper of the highest purity were 
the metals used. The diameters of the wires at all stages were carefully 
measured by a micrometer screw gage. The increases of length by 
wire drawing were also measured. After a final annealing, wires were 
drawn to as much as fourteen times their original length. Their tenacity 
was determined by applying a water load to the vertically hung wire. 
As stated above, the maximum tenacity was reached in wires drawn from 
three to five times their original length. A hard-drawn wire shows no 
general extension even under the breaking load. The broken pieces 
when brought together show that the small local extension which occurs at 
the point of rupture may amount to 1 per cent., or less, but it is purely 
local as proved not only by the absence of any general stretching, but also 
by a full series of measurements of the diameter at many points along 
the length. The tenacity was always calculated on the average cross- 
sections worked out from these measurements. After a large number 
of experiments had been made at the ordinary temperature, it was decided 
to repeat these at the temperature of liquid air or — 182°. The results 
showed that at this low temperature the tenacity of these metals is very 
much increased, gold rising from 15.6 tons per square inch at 15° to 
22.4 tons at —182°, silver from 25.7 tons at 15° to 34.4 tons at —182°, 
and copper from 28.4 tons at 15° to 36 tons at —182°. The most un- 
expected result was that all the hard-drawn wires stretched 11 to 12 per 
cent, at the lower temperature before breaking. The plasticity which 
had disappeared at 15° reappeared at the lower temperature. Our 
conclusion at the time was that the restarting of plasticity at the low 
temperature was due to the general increase of tenacity which enabled 
the wire better to resist the disruptive strains in the die.’' 

Our discussions show that the mere increase in tenacity cannot be 
responsible for the ductility which Beilby observed. For example, Had- 
field^* found that the ductility of iron decreased with increased tenacity 
as the temperature was lowered to that of liquid air. What happened 
in Beilby’s experiments was that the tenacity increased faster with de- 
crease in temperature than the cohesion of the crystalline phase due to 
the differential cohesion between it and the amorphous phase. In Plate 
3, let us suppose that room temperature corresponds to 3^° and liquid air 
temperature to li° and the curves as given represent in general the prop- 
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erties of the crystalline and amorphous phases of the metals with which 
Beilby experimented. At room temperature the cohesion of the crystal- 
line phase is 2.2c, and of the amorphous phase 5.1c, while at If the 
cohesions are 2.7c and 8.1c respectively. Beilby had cold-drawn the 
wires at room temperature till they were brittle. On cooling to —182° 
(1^°), the ratio between the cohesion of the amorphous and crystalline 
phases had greatly increased so that at 1^° tensile load could be applied 
before the metals ruptured sufficiently to deform the crystalline phase 
further. 

It will be evident, from what has been said, that the metals might be 
wire drawn at If till they became brittle at that temperature and they 
would then become ductile if cooled to a temperature of, say, }^if. 

A further experiment with a wire of aluminum copper alloy also fits 
in nicely with these fundamental ideas. The wire was worked cold at 
room temperature until it would break when bent through an angle of 
about 60°. A piece of wire was then immersed in liquid air and was bent 
double and straightened again without cracking. 

Further confirming evidence is at hand and a rather complete set of 
experiments dealing with these general problems has now been completed . 
and will be reported in a separate paper. The hypothesis has been 
sufficiently verified so that results can be predicted from it. 

I have considered the application of this hypothesis to substantially 
pure metals and solid solutions. The application to other classes will be 
more complicated. Let us take steel as an example. The cohesion- 
temperature curves of pure iron have jogs in the crystalline curve corre- 
sponding to the allotropic points. The approximate curves for iron as 
well as for cementite would have to be ascertained. In annealed steel, 
at least three physically different substances will be present; namely, 
crystalline ferrite, crystalline cementite and the amorphous solution of 
iron and iron carbide. After cold deformation there may be five physic- 
ally different constituents present; namely, crystalline ferrite, amorphous 
iron, crystalline cementite, amorphous cementite and the amorphous solu- 
tion of iron and cementite. By knowledge of the properties of each of 
these constituents and their structural positions in the steel, predictions 
may be made regarding the physical properties of the piece of steel taken 
as a whole. 

It should be pointed out that the metals which have the greatest 
possibilities for improvement by mechanical working, or those metals 
which should ultimately have high tensile strength whether coupled with 
ductility or not, should (a) possess high unit cohesion in both the crystal- 
line and amorphous phases, and (h) the cohesion of the latter should be 
much greater than that of the former at room temperature. Such metals 
will have relatively high equi-cohesive temperatures. 

In fibrous tungsten, a condition is obtained which makes the ductility 
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greater at room temperature than that of the equiaxed tungsten. The 
general hypothesis of increase in ductility in metals already possessing 
fibrous structures by decreasing the temperatures is entirely independent 
of the relative ductility of the fibrous and equiaxed structures. In 
Beilby’s experiments quoted above, for example, the ductility at — 182° 
of the metals with fibrous structures may not have been as great as that 
of the equiaxed metals at the same temperature. With most, if not all, 
metals, however, some low temperature will be reached at which the 
metals in the equiaxed condition will be brittle and the same metals 
possessing fibrous structures which will have been produced at some 
higher temperature will be ductile. Iron, for example, possesses these 
properties at the temperature of liquid air, and tungsten and molybdenum, 
at ordinary or room temperature. 

The amorphous phase of iron is supposed to be brittle at room 
temperature. It is not sufficiently brittle to cause rupture along the grain 
boundaries at room temperature. Liquid air temperature, however, will 
cause coarse-grained iron to fracture along the grain boundaries. A 
metal with an equiaxed grain structure cannot be very ductile at high 
temperature because the amorphous phase is weaker than the crystalline. 
Its ductility (assuming one of the ductile metals) increases on cooling 
to a certain point, below which it begins to become less ductile. The 
temperature may be lowered sufficiently to make it brittle. 

Experimental proof has also been obtained showing that if a metal is 
worked at a certain temperature below its anneaUng temperature, till 
it becomes brittle at that temperature, it is more brittle at higher tempera- 
tures below that of annealing. 
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Fig. 1. — Tungsten ingot X 152, 


Fig. 2. — Swaged tungsten rod, 
0.214 IN. DiAM. X 152. 


Fig. 3. — Swaged tungsten rod, 0.125 in. diam. X 152. 


Fig. 5. — Swaged tungsten rod, 
0.030 in. diam. X 152. 
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Fig. 10. Containing Fig. 11. Containing 

1 PER CENT. Th02. 2 PER CENT. THO 2 . 



Fig. 12. — Containin 
3 PER cent. Th02. 


4 PER cent. Th02. 


4. Containing 


5 PER cent. THO 2 . 


Fig. 10 TO 14. — Tungsten ingots heated 12 min. at 3200° C, X 16. 
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Fig. 15. — Containing 1 per cent. ThO; 


Fig. 16. — Containing 2 per cent. ThO: 


Fig. 17. — Containing 3 per cent. ThO 2. Fig. 18. — Containing 4 per cent. ThO; 


Fig. 19. — Containing 5 per cent. THO 2 . 

Fig. 15 to 19. — Tungsten ingots heated 12 min. at 3200° C. X 389. 
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JFig. 20.— ^Tungsten ingot showing two large grains in position to absorb 

SMALL GRAINS. X 117. 



Fig. 22. 


Fig. 23. 



Fig. 21. — Transverse fracture op tungsten ingot containing 0.75 per cent. 
ThOj, heated 20 min. at 2600° C. X 5. 

Fig. 22. — Transverse fracture of tungsten ingot containing 0.75 per cent. 
ThOs, heated 30 min. at 2600° C, X 5. 

Fig. 23. — Transverse fracture of tungsten ingot containing 0.75 per cent. 
ThOs, heated quickly to 3200° C. and held for 30 min. X 5. 


Fig. 24. — Tungsten ingot contain- Fig. 25. — Tungsten ingot contain- 
ing 0.75 PER CENT. TnOa, heated 20 min. ing 0.75 per cent. Th02, heated 30 min. 



Fig. 27. Fig. 28. 

Fig. 27. — ^Lonchtudinal fracture of tungsten ingot containing 0.75 per 
CENT. Th02. Cold end in electrode clamp. X 5. 

Fig. 28. — Tungsten ingot containing 0.75 per cent. Th02, heated quickly 
to 3200° C. AND HELD 30 MIN. X 5. 



Fig. 28a. — Tungsten ingot contain- Fig. 29. — Tungsten ingot contain- 
ing 0.75 PER CENT. Th02, heated ING 0.75 PER CENT. ThOs, HEATED 20 
quickly to 3200° C. and held 30 min. min. at 2600° C. and then heated 
V 144 10 MIN. at 3200° C. X 7. 



Fig, 20. — ^Tungsten ingot showing two labge grains in position to absorb 

SMALL GRAINS. X 117. 



Fig. 21. Fig. 22. Fig. 23. 


Fig. 21. — Transverse fracture of tungsten ingot containing 0.75 per cent. 
ThOs, heated 20 MIN. AT 2600° C. X 5. 

Fig. 22. — ^Transtebse fracture of tungsten ingot containing 0.75 per cent, 
ThOs, heated 30 MIN. AT 2600° C. X 5. 

Fig. 23. — Transverse fracture of tungsten ingot containing 0.75 per cent. 
ThOs, heated aUICKLT TO 3200° C, and held for 30 MIN. X 5. 


A 



Fig. 24. — Tungsten ingot contain- Fig. 25. — ^Tungsten ingot contain- 
ing 0.75 PER GENT. ThOs, heated 20 MIN. ING.0.75 FEE CENT. TrOs, HEATED 30' MIN. 
AT 2600° C. Transverse SECTION, X O- at26CK)°:C. 'Tranbvei^e section. 'X 0. 



Fig. 28a. — Tungsten ingot contain- 
ing 0.75 PER CENT. Th02, heated 
QUICKLY TO 3200° C. AND HELD 30 MIN. 
X 144. 


Fig. 29. — Tungsten ingot contain- 
ing 0.75 PER CENT. Th02, heated 20 
MIN. AT 2600° C. AND THEN HEATED 
10 MIN. AT 3200° C. X 7. 


Fig. 27. Fig. 28. 

Fig. 27. — ^Longitudinal fracture of tungsten ingot containing 0.75 per 
CENT. Th02. Cold end in electrode clamp. X 5. 

Fig. 28. — Tungsten ingot containing 0.75 per cent. Th02, heated quickly 
to 3200° C. AND HELD 30 MIN. X 5. 
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Fig. 21. Fig. 22. Fig. 23. 

Fig. 21. — Transverse fracture op tungsten ingot containing 0.75 per cent. 
Th02, heated 20 MIN. AT 2600® C. X 5. 

Fig. 22. — Transverse fracture op tungsten ingot containing 0.75 per cent. 
ThOs, heated 30 MIN. AT 2600® C. X 5. 

Fig. 23. — Transverse fracture op tungsten ingot containing 0.75 per cent. 
Th02, heated quickly to 3200® C. and held for 30 min. X 5. 


t 



A 

Fig. 24. — Tungsten ingot contain- Fig. 25. — Tungsten ingot contain- 
ing 0.75 PER CENT. ThOj, heated 20 MIN. ING 0.75 PER CENT. THO 2 , HEATED 30 MIN. 
AT 2600® C. Transverse section. X 9. at 2600° C. Transverse section. X 9. 
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Fig. 26. — ^Longitudinal section at section a-a of fig. 25. X 9. 



Fig. 27, Fig. 28. 


Fig. 27. — ^Lonqutudinal fbacture of tungsten ingot containing 0.75 per 
CENT. Th02. Cold end in electrode clamp. X 5. 

Fig. 28. — Tungsten ingot containing 0.75 per cent. Th02, heated quickly 
to 3200° C. AND HELD 30 MIN. X 5. 



Fig. 28a. — Tungsten ingot contain- Fig. 29. — Tungsten ingot contain- 
ing 0.75 PER cent. Th02, heated ing 0.75 per cent. ThOz, heated 20 
QUICKLY TO 3200° C. AND HELD 30 MIN. MIN. AT 2600° C. AND THEN HEATED 
X 144. 10 MIN. AT 3200° C. X 7. 



Fig. 32. — Ingot with tungsten- Fig. 33. — a . Tungsten ingot con- 

CABBIDE NETWORK SURROUNDING TUNG- TAINING BOTH TnOa AND CARBON. 6. 

sten grains. X 950. Tungsten ingot containing onlt Th02. 
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Fig. 34. — Tungsten rod carbonized Fig. 35. — Tungsten rod carbonized 
WITH CO. Light portion is tungsten with hydrocarbons. Light portion is 
CARBIDE. X 940. tungsten CARBIDE. X 400. 



Fig, 37. — Coarse-grained tungsten 

INGOT, SWAGED AND RE CRYSTALLIZED. 


Fig. 36. — Fine-grained tungsten 

INGOT, swaged and RECRYSTALLIZED. 


Fig. 38. — Structure of swaged tung- Fig. 39. — Swaged tungsten rod con- 


STEN ROD, 0.80 in. DIAM. X 240. TAINING 0.75 PER CENT. THO 2 , 0.080 IN. 

DIAM. ReCRYSTALUZED BY HEATING 3 


MIN. AT 3100° C. X 240. 





Fig. 42.— Swaged tungsten rod, 0.080 in. diam., containing no Th02. Heated 
BY ELECTRIC CURRENT 2 HR, AT 3000° C. End NEAR COLD ELECTRODE CLAMP. X 33. 


Fig. 43. — Swaged tungsten rod, 
0.080 in. diam., containing 0.75 per 
cent. ThOs. Heated 9% hr. at 
3000° C. Cold end near electrode 
CLAMP. X 155. 


Fig. 44. — ^Same rod as Fig. 43, in 
hotter region. X 155. 
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Fig. 40. — Swaged tungsten rod con- 
taining NO Th02. 0.080 IN. diam. 

Heated by electric current slowly 
TO 3100° C. X 73. 


Fig. 41. — Swaged tungsten rod, 
0.080 IN. diam., containing no Th02. 
Heated by electric current quickly 
to 3100° C. X 73. 
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VOL,. LX.— -41 


Fig. 51 . Tungsten wire, 0.0036 in. diam., containing 0.75 per cent. Th02 after 10 min. exposure at 2900 ° C. Natural surface. 
, 480 . 

Fig. 52 . Tungsten wire, 0.0036 in. diam., containing no Th02 after 10 min. exposure at 2900 ° C. Natural surface. X 480 . 





Fig. 57. — Ceack between two Fig. 58. — Shows crack along 

GRAINS IN TUNGSTEN INGOT. StOPS AT GRAIN BOUNDARIES IN FINE-GRAINED 
JUNCTION BETWEEN COARSE- AND FINE- TUNGSTEN INGOT. X 144. 

GRAINED REGIONS. X 61. 
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DISCUSSION 

Sir Robert Hadfield, London, England (written discussion*). We 
have in the past known so little about tungsten that an important paper 
such as Mr. Zay Jeffries contributes is most welcome. 

I have not much personal knowledge on the subject except as regards 
combinations of iron with tungsten. I put forward the results of my 
research on natural alloys in 1903,^ and so far as I know the facts there 
presented still stand. 

Singular to say, tungsten added to iron affects the electrical resistance 
less than any other added element. The following tables taken from 
research work by myself and Sir William Barrett may be of interest. 


Table 1. — Approximate Specific Electrical Resistance of Iron Alloys at 
Different Percentages of the Added Element 


Alloy of Iron 
with 

Percentage of Added Element 

1 : 

2 

3 

4 

6 

Tungsten 

15.5 

16.5 

1 

17 2 

18.0 

18.5 

Nickel 

19.0 

21.0 

23.0 

25 0 

27.0 

Chromium 


24.0 

26.5 

29.0 

Manganese 

23.5 

28.0 I 

31.0 

34.0 

39.0 

Silicon 


46.0 

53.5 

69.0 

Aluminium 

27.0 

38.0 

48.0 

57.0 

74.0 







Table 2— Increase in Specific Electrical Resistance {Microhms per Cubic 
Centimeter at 18° C.) Produced in Iron of Corresponding 
Purity by Alloying It with Various Percentages 
of the Elements Named 


Alloy of Iron with 

2 Per Cent. 

4 Per Cent. 

6 Per Cent. 

TimgstftTi 

4.0 

5.5 

6 0 

Ni^*kftl 

6.5 

10.0 

12 5 

Chromium 


12.0 

14.0 

Mianganese 

15.0 

21.0 

26.0 

Silicon 


41.0 

55.5 

AliiTniniiim 

25.5 

44.5 

61.5 






The following is the summing up of our results: Selecting the 
middle column of figures and dividing it by 4, we get the increase of re- 

♦ Received Aug. 13, 1918. 

1 Journal, Iron and Steel Institute (No. II, 1903) 64, 14. 
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sistance produced by the addition of 1 per cent, of the element in an alloy 
containing about 4 per cent, of the added element. This is shown in 
the next table, and side by side are shown the specific heat and the atomic 
weight of the elements named in the first column. 


Table 3 


Iron Alloyed with 

Specific Re- 
sistance of 

1 Per Cent. 

Specific Heat 

Atomic 

Weight 

Tungsten 

1.1 

0.035 

184 

Cobalt .... 

2.2 

0.107 

59 

Nickel 

2.5 i 

0.109 

59 

Chromium 

3.0 

0.1(?) 

52 

Manganese 

5.2 

0.122 

55 

Silicon 

10 3 

0.183 

28 

Aluminium. . 

11.1 

0.212 

I 27 

1 


Paul D. Merica,* Washington, D. C. (written discussionf). — This 
paper is a discussion of some of the results of a recent investigation^ of 
Prof, Zay Jeffries, and of his interpretation and generalizations from these 
results. This work I have followed with great interest and with appre- 
ciation of its value in clarifying our views on the nature of deformation in 
metals and its relation to structure. It is only by such close study of 
the relation of structure to mechanical properties that we shall ever be 
able to describe the latter in terms of their ultimate elements, and thus 
explain what are still mysteries in the mechanical behavior of metals; 
experiment and thought along these lines are in my opinion of the utmost 
value. If I, therefore, here record some of the difficulties I have expe- 
rienced in understanding some of the generalizations of Prof. Jeffries, it is 
only in order that perhaps from the discussion may emerge a clearer 
and more consistent statement of hypothesis or theory in explanation 
of the facts discovered by him. 

Before considering the author’s propositions in detail, I wish to 
group a few concepts and assumptions with which I here have to deal. 

(1) The amorphous-metal hypothesis postulates crystalline and 
amorphous metal; the former, the substance of the grain in crystal, the 


* Metallurgist, U. S. Bureau of Standards, 
t Received Sept. 28, 1918. 

2 Article 1 : The Metallography of Tungsten, the article which precedes this dis- 
cussion. 

Article 2: The Amorphous Metal Hypothesis and Equi-cohesive Temperatures. 
Journal, American Institute of Metals (1917) 11) 300. 
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latter existing (a) as a cement between grains, (b) in metal deformed 
below the recrystallizing temperature range, at the planes along which 
slip has occurred. 

(2) The amorphous metal at the grain boundaries and that formed 
at a slip plane may or may not be identical in properties, but I shall make 

that as an initial assumption; this as- 
sumption is tacitly made by the author. 

(3) Each variety of metal, crystalline 
(C) and amorphous (A), has its own 
mechanical characteristics, with three of 
which I shall be concerned : the ultimate 
tensile strength, the elastic limit, and the 
elongation at rupture. Neglecting the 
phenomenon of ‘^necking-down” at 
rupture, which is a consequence of non- 
uniformity either of stress or of strength 
along the axis of a bar in tension, the 
stress-strain curves of C and of A metal 
may be assumed to have the general 
form shown in Fig. 1. The C metal has 
a definite elastic limit, and its proper- 
ties are directional. The A metal proba- 
strain bly has no definite elastic limit, but we 

Fig. 1. Tensile stress-strain may assume a value Ea at which the 

CURVES FOR AMORPHOUS (A) AND , i /. , 

CRYSTALLINE (C) METAL. Elon- pcrmaueut deformation exceeds a cer- 
gations plotted are permanent ^ain arbitrary value; the properties of A 

are not directional, but depend undoubt- 
edly upon the rate or duration of application of stress; ^.c., the A metal 
is viscous in its nature. 

(3a) It is likely that the elastic limit of a grain can be increased in 
any direction, as Tammann has shown, by the gradual exhaustion of 
the most accessible slip planes, but the ultimate tensile strength of the 
crystalline metal of a grain in any direction probably is a function only 
of temperature. The curves of Ec shown in Fig. 2 are to be considered 
as those of the undeformed metal; the values may be raised possibly up 
to those of Tc> 

(4) The -effeict of temperature on the shape of these curves is to 
diminish Taj Tcy Eaj and Ec, and to increase ca and ec- 

(5) The tensile ductility is measured by the amount of permanent 
set per unit length occurring between T and £; it is undoubtedly a func- 
tion of the rate of loading between these two values of stress. Exhaus- 
tion of ductility occurs, as Prof. Jeffries points out, not because the metal 
cannot be further plastically deformed, but because the tensile load nec- 
essary to produce the deformation will first rupture the bar. According 
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to Prof. Jeffries, the variations in the values of Ea and Ea respectively, 
with temperature are such that for every metal (and alloy) there is a 
temperature (ECe) below the melting point, such that 

above ECe Ec > Ea 

at ECe Ec — Ea 

below ECe Ec < Ea 

This is the equi-cohesive temperature; see Fig. 2, in which Ea and Ec 
are shown as functions of temperature. 



Fig. 2. — Equi-cohesive temperatures and effect of temperature on 
E (undeformed) and T. 

(6) I should like to call attention to another equi-cohesive tempera- 
ture, namely, that at which the tensile strength of A and C metal are 
equal; such a temperature has been predicted by Rosenhain.® This is 
shown in Fig. 2; ECe, the equi-cohesive temperature for elastic limits, 
and ECt, that for tensile strength, are not necessarily equal. 

(7) When a metal ruptures in tension, the path of rupture is never 
straight; it passes sometimes through the grains (intracrystalline) and 
sometimes along the grain boundaries (intercrystalline). The rupture 
along those portions not perpendicular to the direction of the net tension 
occurs, very probably, partly as a result of shearing stresses. The 
load necessary to cause fracture is probably proportional to the area of 
the path of rupture. 

® Walter Rosenhain: “An Introduction to the Study of Physical Metallurgy.” 
New York, 1914. D. Van Nostrand Co. 
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(&) In any case, I wish to make two assumptions regarding rupture: 

(a) That the total force to cause rupture is proportional directly to 
area of its path, counting sheared areas as equal in effect to those sepa- 
rated in direct tension. 

(h) That the path of rupture across a grain, which usually appears 
to be straight, but which may involve serrations such as to increase its 
apparent length, is actually no longer than the path around the boundary 
of a spherical grain of which the apparent path is a diametral plane. 

(9) In case the grain is elongated perpendicular to the general direc- 
tion of stress and path of rupture, there are three potential paths of 
rupture: 

(a) Across grain, through C metal. 

(b) Across grain, through A metal (at a slip plane). 

(c) Around grain, through A metal. 

Rupture will occur along that path for which the product of area and unit 
strength is least. 

I wish now to discuss on this basis some of the propositions suggested 
by Prof. Jeffries. 

(A) On page 618 (Article 1), the author explains the absence of 
ductility at ordinary temperatures in tungsten consisting of equi-axed 
grains as existing because the brittle amorphous phase at the grain 
boundaries permits rupture before a load sufficient to deform the malleable 
crystalline phase can be applied; i.e., because Ta < Ec at ordinary tem- 
peratures. In his other paper (Article 2) he has found that ECe for 
equi-axed tungsten was approximately 1350° C. Therefore Ea>Ec 
below 1350° C. But, since Ta >Eaj therefore Ta >Ec below 1350° C., 
a conclusion which is the exact opposite of the one assumption used above. 

This contradiction may be explained, possibly, by the fact that the 
equi-cohesive temperatures which Prof. Jeffries determined^ are not the 
Qqui-cohesive temperatures as he defines them on p. 311 of the same 
article. Reference to Fig. 1 will illustrate this; the two curves are the 
stress-strain curves of A and of C metal at a temperature (0, above the 
equi-cohesive temperature ECe^ as defined on p. 311 by the author; 
t.6., such that Ec < Ea and t < ECe- Yet at a stress, Si, the permanent 
set of the crystalline metal is, however, greater than that of the amor- 
phous metal; it will be observed that it is the temperature at which, for 
a given stress, the permanent deformations of A and C metal are equal, 
which the author determines and calls equi-cohesive temperature (p. 
312). 

To explain lack of ductility of equi-axed tungsten along the general 
line of the author^s explanation, we might then assume that at ordinary 
temperatures we are above ECe, not below it. 


^ Journalf American Institute of Metals (1917) 11, 312. 
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(B) On p. 622 (Article 1), the author says, ‘^The underlying reason 
for the loss of ductility by working a metal at a certain temperature be- 
low its annealing temperature^’ (EC probably) '^and the regaining of 
ductility by cooling to some lower temperature, is that the amorphous 
phase of any metal will increase in cohesion on cooling, at a faster rate 
than the crystalline phase. ” I believe that this is not quite accurately 
stated; the necessary conditions to produce this effect are not so simple. 
They appear to me to be as follows: 

(1) Since the strength of the A metal is to determine the ductility, 
fracture must take place through it; i.e.^ 

<I>aTa < <l>cTc 

where and 0c are the areas of the potential paths of rupture through 
A and C metal, respectively. 

(2) But the fact is established that fracture takes place across a de- 
formed grain; i.e.j through A metal, at slip planes either in tungsten 
(see p. 61 8) or in other metals below EC. 

(3) Therefore 0^ = <t>c (approx.) and Ta < Tc- 

(4) The condition for the exhaustion of ductility is not that the 
'^cohesion” of A and of C become equal, but that I a is not equal to nor 
greater than Ec- 

(5) In order that the ductility of deformed metal may reappear upon 
lowering the temperature, the quantity (Ta-Ec) must increase with this 
lowering. 

These conditions are represented in Fig. 2, and are quite possible ones; 
in fact the author’s hypothesis could quite well fix the case of tungsten. 
But it is to be observed that condition (3) would require that in any 
metal within the temperature range within which ductility after deforma- 
tion was restored upon lowering the temperature, fracture should occur 
within the same temperature range in an equi-axed grain at the grain 
boundaries: i.e., this range is above ECt- 

But this is not true of gold, silver and copper, in which this identical 
phenomenon occurs. In these metals, at those temperatures, Ta ^ Tcj 
and the amorphous metal does not determine strength nor ductility. 

(C) There is, however, a further contradiction in the author’s views 
to which I wish to call attention. On p. 618 (Article 1) he says that 
fibrous tungsten “is ductile because the grain distortion by working 
arranges the grain boundaries in such a manner that the resistance to 
rupture along them is so great that rupture is forced to take place through 
the deformed grains themselves.” In other words, equi-axed tungsten 
is brittle because (I>aTa ^ <t>cEc} where <I>a = 0c approx. When the grains 
are elongated, <I>a becomes large enough that <I>aTa > <l>cEcj and the 
fracture takes place across the grain. Now, on the basis of assumption 
(2) above, this fracture cannot be through A metal; for we should have, 
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in that case, 4>a^Ta (of fibrous grains) > (t»A^TA (of equi-axed grain). 
But 4>ai = <I>A^ (approx.) if the path of rupture is across grain; there- 
fore Ta > Ta, an obvious absurdity. Therefore, axial fracture in 
fibrous tungsten must be through the crystalline metal; ^.c., Ta > Tc- 
But this contradicts the assumption (1) under {B)j necessary to explain 
the regaining of ductility of deformed tungsten upon lowering the 
temperature. 

These are some of the difficulties I have experienced in reconciling 
the various views of Prof. Jeffries, which lead me to wonder whether we 
must not examine more closely into the tacit assumptions which are 
made in developing such hypotheses, and also into the exact nature of 
deformation, before we may attempt to generalize to any too great extent. 
Such questions as the following must receive more thorough attention: 

(1) Is amorphous metal the same in properties whether at slip planes 
or at grain boundaries? 

(2) What is the actual shape and area of a fracture across a grain ; 
in other words how serrated is this path? 

(3) Does fracture across a grain occur within crystalline or within 
amorphous metal? 

(4) What is the nature of the resistance to plastic deformation within 
a grain? This resistance would seem to be in reality a very complex 
function. 

I believe the recent experimental results of Prof. Jeffries, as well as 
those of other investigators whom he has quoted, can contribute much 
to the elucidation of these specific questions. 

J. C. W. Humfrey,* Sheffield, England (written discussionf). — 
Prof. Jeffries’ paper gives a very complete description of the metallurgy 
of tungsten, the details of which afford a striking illustration of the ap- 
plication of scientific principles in overcoming practical difficulties of 
manufacture. In addition to this practical side, it deals with two phe- 
nomena of great theoretical importance and of general metallographic 
interest, viz.: 

(a) Grain growth in metals. 

(b) The significance of intercrystalline cohesion. 

It is chiefly with the second of these two subjects that I propose to 
deal in the following remarks. 

On page 617 the author states that he accepts the amorphous 
boundary theory, viz., that the crystals in a mass of metal are joined to 
one another by a cement of the same metal, in the amorphous or non- 
crystalline state. Agreeing, as I also do, with the validity of this theory, 
I am unable to accept certain of the interpretations he puts upon it, 
or to follow his arguments as to the manner in which his experimental 
data may be taken as a confirmation of its truth. 

♦Admiralty Inspection Officer. t Received Sept. 28, 1918. 
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The author appears to consider the amorphous cement as occupying 
a volume in the mass comparable with that of the crystals, and deals 
with the mechanical properties of the mass as if the two phases were 
distinct from one another and possessed little or no mutual adhesion. 
His comparison of the structure of tungsten with a mass of iron crystals 
embedded in glass is not, I think, a very happy one, nor is it indicated 
either by the mechanical properties of metals in general nor of this one 
in particular. 

In a paper (which he quotes in the bibliography. No. 33) I put for- 
ward a theory based on the view that the amorphous cement owes its 
origin to the impossibility of two differently oriented crystals fitting 
exactly into one another, and the consequent existence of a certain range 
of atoms between them which, since they are being constrained by each 
crystal in a different manner, are forced to take up some irregular group- 
ing between the two. According to this theory, there is no sharp line of 
demarcation between crystalline and amorphous, and the one must merge 
gradually into the other. The whole thickness of the disturbed layer 
is of molecular rather than of microscopic dimensions, and, while the 
amorphous envelopes are incapable of plastic deformation, yet they are 
capable, in consequence of their extreme thinness, of considerable dis- 
tortion relative to the crystals they surround by means of elastic bending. 

. In all metals which are at temperatures considerably below that of 
their melting points, the amorphous phase is, as is illustrated in the 
author^s Plate 3 (page 623), of such an extremely viscous nature as to 
be incapable of plastic deformation, but to possess very considerable 
tenacity or cohesion. If, therefore, we accept the author^s theory that 
the intercrystalline fracture of his tungsten is due to the brittleness of 
the amorphous cement, then such a form of fracture should be the rule 
rather than the exception in other metals. The paper refers to one other 
case only, viz., iron at the temperature of liquid air; but the author does 
not state whether he has obtained direct experimental confirmation of 
the fact, nor does he quote any authority to support it. In Hadfield's 
paper (No. 38 in the bibliography), while it was shown that iron was 
brittle at this low temperature, yet I can find no reference as to whether the 
brittle fractures followed the crystal boundaries or the crystal cleavages. 
Since, however, the brittleness was accompanied by a high tenacity, I 
should prefer to assume the latter rather than the former. 

When a metal tends to fracture around rather than through the 
crystals, it must surely be an indication that the tenacity of the cement 
is less than that of the crystals, and, provided the thickness of the cement 
is sufficiently small, its lack of plastic ductility does enter into the matter. 
All metals in their normal state tend to fracture around the crystals 
when at temperatures just below those at which they freeze (bibli- 
ography, No. 31). In this range, the amorphous cement is more capable 
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of plastic deformation than the crystalline, but possesses considerably 
less tenacity. Below the temperatures which the author terms those 
of ^^equi-cohesion, the fractures change to cleavage. If, at still lower 
temperatures, the fractures again reverted to intercrystalline, then it 
would have to be assumed that the tenacity of the amorphous phase had 
begun to decrease with temperature, or at least to increase at a lower rate 
than the crystalline, and that the two curves in the author ^s Plate 3 
again crossed one another. Such a reversion is most unlikely, and 
opposed to all our experimental knowledge. 

We do, however, know of cases in which certain metals, which 
normally break through the crystals, may be so altered in character 
as to tend to break around them. Typical examples of this are: 

(а) Gold containing small percentages of bismuth. It has been 
shown that the weakness is due to the presence of a fragile gold-bismuth 
eutectic.® 

(б) Pure iron which has been annealed at certain temperatures and 
in certain atmospheres, and slowly cooled through a certain range. In 
this case there is evidence to indicate that the weakness is due to the 
formation of an iron-oxide eutectoid.® 

(c) Nickel-chrome and certain other alloy steels, when hardened by 
quenching, annealed below the critical range, and then allowed slowly to 
cool through a range of temperature in the neighborhood of 500"^ C. 
In this case there is as yet no experimental evidence to indicate what is the 
important factor, but the general nature of the phenomena again points 
to the formation of a eutectoid.^ 

In the above examples it would appear that, contrary to the normal 
amorphous cement being responsible for the intercrystalline weakness, it 
is rather the fact that the presence of some foreign material between the 
crystals has interfered with its proper formation. It is suggested that 
it is to some similar interfering agent that the weakness found in tungsten, 
as made by the process now employed, should more properly be ascribed. 
Future researches will, I think, find a method of preparing metallic 
tungsten which shall be free from such weakness and have mechanical 
properties in line with those of other metals. The preparation of such 
material would be of great practical importance and would well repay the 
labor of a lengthy investigation. 

It is fairly obvious that severe deformation by such processes as wire 

® J. O. Arnold and J. Jefferson: Influence of Small Quantities of Impurities on 
Gold and CJopper. Engineering (Feb. 7, 1896) 61, 176-179. 

® J. C. W. Humfrey: The Intercrystalline Fracture of Iron and Steel. Carnegie 
Scholarship Memoirs, Iron and Steel Institute (1912) 4, 80-105. 

’H. P. Philpott: Some Experiments on Notched Bars. March, 1918, meet- 
ing, Institute of Automobile Engrs. Will probably be published in Proceedings 
(1918-19) 12 . 
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drawing or swaging will tend to strengthen a metal which originally 
lacks intercrystalline cohesion, since it must result in a certain amount of 
dovetailing of the crystals into one another. If, however, it is assumed 
that the original brittleness was due to the presence of the amorphous 
cement, it would appear that the contrary would be the case, since many 
additional planes of weakness would be produced by the formation of 
amorphous matter in the shp planes. 

Cold working of a metal must necessarily, I think, be accompanied 
by the formation of internal stresses, partly due to unequal external 
loading, partly to the difference in resistance offered by the crystals and 
the amorphous matter surrounding them and formed during deformation, 
and partly to varying plasticities of different crystals, owing to the way 
they are oriented to the main axes of strain. When a certain degree of 
deformation has been given, the internal stresses at certain places may 
rise to that of the maximum tenacity of the metal. Further deformation 
at the same temperature must then immediately lead to internal rupture; 
this is the state of maximum tenacity which can be produced in the 
metal by cold work. If, however, the temperature of the metal be 
reduced, the tenacities of both the crystalline and the amorphous phases 
are increased, and further deformation may now be applied before 
the internal stresses again become equal to the tenacities, i.e., the metal 
has acquired additional ductility. This explanation is applicable to all 
metals, including tungsten, and is independent of the relative tenacities 
of the crystalline and amorphous phases, provided only that both in- 
crease with falling temperature. 

Zay Jeffries (author ^s reply to discussion*). — Messrs. Merica^s 
and Humfrey^s criticisms of some of my conclusions are rendered in the 
true scientific spirit by means of which differences of opinion are grad- 
ually smoothed out and all participants are benefited. It is true that the 
statement of generalizations on such a complex subject is hazardous, but 
I shall endeavor to point out the explanations for the discrepancies 
noted. Owing to the fact that I am now submitting a long paper on 
the same general subject to the Institute, my present remarks will be 
brief. 

Dr. Merica^s Assumptions 

1 agree with No. 1 and No. 2, with the modification that the A 
(amorphous) metal between grains of annealed metal has substantially 
the same properties as that at shp planes in deformed metal, but the 
two have different arrangements with reference to C (crystalhne) metal 
and they may be in different conditions as regards internal stress, thick- 
ness, and nature of contact with C metal. 

Assumption 3. — I beheve Fig. 1 is wrong. I know of no evidence to 


* Received Oct. 30, 1918. 
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substantiate the curves. I believe ec (elongation of C phase) = 0 
(approximately) at all temperatures and (elongation of A phase) has 
finite values at elevated temperatures only; but these play no important 
direct role in the ordinary deformation of metals at low temperatures. 
I believe Ec (elastic limit of C phase) = Tc (tensile strength of C phase) 
because as soon as C metal begins to deform permanently it would 
rupture were it not for the A metal generated by its breakdown. We 
know that Ec = Tc in brittle crystals and a crystal cannot be perma- 
nently deformed without generation of A metal. Therefore Dr. Merica’s 
Tc, in reality, equals T(a + c)- Also Ea= Ta for all practical purposes, 
because when A metal permanently deforms no new stronger phase is 
formed and hence any unit load which will permanently deform it will 
eventually break it. If the above is true. Dr. Merica’s Fig. 2 is wrong, 
there being but one set of curves for Ea and Ec which correspond to 
my Plate 3. The duration of load is very important in A metal. The 
above reasoning should also be applied to assumptions 4 and 6. 

Assumption 8b. — I believe this is not warranted from the evidence 
at hand and may lead to wrong conclusions. 

Assumption 9. — I should like to add a fourth potential path of rup- 
ture, namely, at the contact between A and C metals. 

Dr, Merica’s Conclusions 

(a) I have concluded, after examining considerable evidence, that 
at room temperature and lower, in equiaxed tungsten, there is internal 
stress between A and C metals, probably due to differences in their 
coefficients of thermal expansion. Call this internal stress IS and Dr. 
Merica^s Ta<Ec becomes Ta, or Ea — IS<Ec- My ECe (equicohesive 
temperature for elastic limit) is not as Dr. Merica states; it is the tem- 
perature at which mixtures of A and C metals have the same resistance 
to deformation regardless of the initial quantity of A metal present. 
Obviously, when C metal or a mixture of A and C metals is deformed by 
Brinell impression, A metal is generated. If the total load is kept con- 
stant, the deformation gradually increases the area of contact of the 
ball and decreases the unit load until a point is reached at which sub- 
stantially no further deformation takes place; this measures the re- 
sistance to deformation of mixtures of A and C metals. The same is 
true of my hairpin tests; the deformation caused a lessening of the load 
by shortening the lever arm. In all cases the deformation was caused, 
to my mind, largely by the movement at the slip planes and shghtly, 
and more particularly at the higher temperatures, by actual deformation 
of A metal. 

(b) Dr. Merica^s condition for the increase in ductility at lowered 
temperatures is that the quantity {Ta ~ Ec) must increase with decrease 
in temperature. In view of the assumption that Ta = Ea, Dr. Merica^s 
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condition is identical with mine. It seems to me that increase in ductility 
of a deformed metal by lowering the temperature has no relation to 
rupture at grain boundaries; the former holds for the range from highest 
temperature down to that of maximum ductility and the latter takes 
place only when the internal stresses between A and C metals exceed a 
certain amount. Briefly, the cohesion of A and C metals, the quantity 
and arrangement of the A metal and time of rupture (whether simul- 
taneous or gradual) and rate of loading (especially at high temperatures) 
will determine the breaking load at a given temperature in the ductile 
temperature range. With other conditions constant, the breaking load 
will increase with decrease in temperature proportional to the cohesion 
of A metal. But with decrease in temperature the elastic limit of the 
deformed grains, which consist of A and C metals, must increase less 
than the elastic limit of A metal and more than the elastic limit of C 
metal. Hence the breaking load increases faster than the elastic hmit of 
deformed grains and ductility must increase with decrease in temperature. 

(c) Again Dr. Merica’s discrepancy is explained by the existence of 
internal stress between A and C metals. It seems to me that Dr. Merica 
has unnecessarily complicated this subject by the assumption that the 
tensile strengths and elastic limits are not equal. With my assump- 
tions, Ea is the average elastic limit of C metal in all directions and Ea 
is greatly affected by the duration of the load, Dr. Merica^s Fig. 2 as- 
sumes that Ta = Ea at the melting point. We are all familiar with the 
brittleness of amorphous substances at very low temperatures, which 
means that at these temperatures Ta = Ea also. According to Fig. 2, 
Ea and Ta become farther apart as the temperature decreases and hence 
could never intersect. Also, Dr. Merica’s Tc and Ec curves cannot 
intersect at low temperatures, yet we know at these temperatures they 
are equal. The obvious conclusion is that Ta = Ea and Tc = Ec- 

Reply to Mr, Humfrey 

Mr. Humfrey first gives his conception of the quantity and arrange- 
ment of the A metal and states that I consider the amorphous cement 
as occupying a volume in the mass comparable with that of the crystals. 
My opinions on this subject coincide in the main with Mr. Humfrey's, 
and I have so stated in reference 34. 

My previous remarks on internal stresses between A and C metals at 
low temperature apply to Mr. Humfrey^s suggestions as to the nature of 
intercrystalline cohesion. He makes one statement, however, which, 
on its face, seems to be a contradiction to the whole hypothesis; namely, 
that if the A metal at the grain boundaries gives way for any cause at a 
load lower than the elastic hmit of the C metal, the A metal at the shp 
planes in the deformed grains should do the same. It is a fact — and 
this will be discussed fully in my next paper — that the A metal at the 
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slip planes does produce brittleness and, eventually, weakness in the de- 
formed grains, but the effect of the deformation is to lower the tem- 
perature at which this brittleness and weakness first appear on cooling. 
The intercrystalline fracture occurs in recrystallized tungsten at 200® C. 
and lower. Below room temperature, equiaxed tungsten becomes weaker 
with decreasing temperature; also, severely worked tungsten is weaker 
in liquid air than it is at room temperature, and it is also brittle. The 
above indicates that either the path of rupture along the amorphous 
slip planes in deformed grains is greater than at grain boundaries in 
equiaxed tungsten, or that the A metal in deformed grains which has 
been generated at a comparatively low temperature must be cooled to a 
lower temperature than that at the grain boundaries to produce a given 
amount of internal stress between A and C metals. 

Mr. Humfrey^s belief that future researches will find a method of 
preparing metallic tungsten which will be free from intercrystalline weak- 
ness has been shared by many workers on tungsten. Although recogniz- 
ing that such a thing may be possible, I am of the opinion that fine- 
grained equiaxed tungsten will never be produced in suclr a form that it 
will be ductile at ordinary temperatures like other metals. Lamp fila- 
ments recrystalhzed in a vacuum and heated at high temperatures for 
over 1000 hr. are not ductile at ordinary temperature unless a single 
grain occupies the whole cross-section of the filament for a considerable 
length, or the grains are greatly elongated, as indicated in Fig. 49. Tung- 
sten rods composed of large grains can be worked and recrystallized in 
such a manner that each large grain gives birth to many small equiaxed 
grains which show intercrystalline fracture at room temperature. If we 
assume that the original large- grain should have concentrated its impuri- 
ties at its own boundary, the small grains produced from it should be 
cemented together with substantially pure A metal. Again, the A metal 
at the shp planes in deformed tungsten grains behaves hke the intercrys- 
talline material when a sufficiently low temperature is reached. 

I am unable to follow Mr. Humfrey^s reasoning with reference to the 
increase in ductility in a strain-hardened metal with decrease in tempera- 
ture. It is true that an increased tenacity due to release of strains in- 
creases ductility at a given temperature, but when the increased tenacity 
is gained by lowering the temperature, it must be remembered that the 
resistance to deformation increases also. What makes the tenacity in- 
crease faster than the resistance to deformation, Mr. Humfrey’s explana- 
tion does not say. My contention that in ductile metals the amorphous 
metal controls the tenacity and that its cohesion increases with decrease 
in temperature faster than the crystalline metal, satisfies the above con- 
ditions, it seems to me, and furthermore, this generahty holds for all 
metals. 
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scribing a few of the results recently obtained during the course of a 
systematic investigation of dental alloys. ^ 

In order to keep this account within reasonable bounds, I shall confine 
myself alm ost entirely to the consideration of strength in compression 
(crushing strength) and of dimensional changes during hardening (reac- 
tion expansion). Conditions influencing the mercury content will 



Fig. 1. — Spring dynamometer devised by Dr. Black for testing crushing 

STRENGTH AND FLOW OF DENTAL FILLING MATERIALS. 

receive some attention. A few results have already been communicated 
to the American Physical Society.^ 


^ In this investigation I was assisted by Paris T. Carlisle, 4th, and by Miss Martha 
C, Borton. To both of these I am greatly indebted for the care with which they 
looked after the numerous experimental details and records of some thousands of 
tests, the routine measurements for which were made, as a rule, by young women who 
were trained specially for the duties assigned to them. 

2 This term is here used to mean the per cent, of mercury in an amalgam. See p. 662. 

W. Gray and P, T. Carlisle: The Influence of Temperature upon the Crushing 
Stre«fch of a Dental Amalgam, Rochester Meeting. Physical Review (1918) 11, 
19^yThe Influence of the Pressure and the Time Employed in Condensing a Dental 
upon its Crushing Strength at Temperatures between 10° and 100° C., 
Pittsburgh meeting; impublished. The Influence of Amalgaipation Variables upon 
the Mercury Content and the Crushing Strength of a Dental Amalgam. New York 
meeting. Physical Review (1918) 11, 492. 




ARTHUE W. GRAY 


659 


I. CRUSHING STRENGTH 
1. The Black Dynamometer 

Practically all strength tests of dental amalgams have heretofore 
been made with the spring dynamometer devised by Dr. Black. ^ The 
specimens tested were in the form of cubes 0.085 in. (2.16 mm.) on each 
edge. They were prepared by packing the amalgam into split steel 
molds essentially as it would be packed into a tooth cavity, sometimes 
with simple hand force, sometimes with blows from a mallet. The 
cubes were crushed at whatever temperature the room happened to offer, 
and the mean of several trials was taken to represent the strength (Fig. 
1 and 2). 
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Fig. 2. — Molds for preparing 0.085-in. cubes of amalgam tested in Black 

DYNAMOMETER. BeLOW ARE SHOWN RELATIVE SIZES OF CUBES AND CYLINDERS USED 
FOR CRUSHING TESTS. 

Every physicist will recognize that, while such tests may be of great 
value in pioneer work, they are hardly hkely to yield results having the 
accuracy desirable in modern research. The cube, with its sharp corners 
and its radial asymmetry, is not the best shape for a test specimen. The 
particular cubes used with Black’s dynamometer are so small that the 
accidental errors arising from unavoidable irregularities in shape, size, 
and internal structure may easily render the results uncertain. Their 
smallness introduces an error owing to the restraining action of the jaws 
between which they are crushed. Temperature affects the stiffness 
of the spring used for measuring the crushing force; it also affects con- 
siderably the strength of a dental amalgam. The strength of an amalgam 


* Denial Cosmos (1895) 37, 406 £f. 
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specimen is also largely dependent upon the pressure under which it is 
molded into form; and hand or mallet packing cannot control this pressure 
sufficiently well for accurate comparisons of different alloys. 

Standardized Procedure for Crushing-strength Tests 

I have, therefore; discarded the old Black dynamometer in favor of a 
9000-kg. Olsen testing machine, which was designed for operation by 



Fig. 3. — The 9000-kg. Olsen machine adapted to testing strength of 

MATERIALS AT ANY TEMPERATURE AND PROVIDED WITH POWER DRIVE FOR APPLYING 
TESTING LOAD WITH REGULARITY. 

hand (Fig. 3). This I modified by the addition of an electric motor drive 
which applied the load with regularity, thus permitting the beam to be 
kept balanced to a nicety right up to the moment of failure; and by the 
addition of electric heaters for bringing the specimen under test to the 
desired temperature, which was determined by a suitably placed thermo- 
element. Additional thermo-elements enabled temperature gradients 
within the heated region surrounding the cylinder to be adjusted to 
negli^le values. The electromotive forces were measured by a 
potentiometer. 

The test specimei^s were in the form of right circular cylinders 10.04 
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mm. in diameter and of sufficient height to eliminate errors caused by 
the restraining action of the crushing jaws (Fig. 4). These cylinders 
were prepared by molding the freshly mixed amalgam in a thick-walled 
steel tube, the interior of which was highly polished. A measured force, 
applied by the testing machine and maintained for a measured time, 
was used in packing the amalgam between an accurately fitting piston and 
the removable bottom of the mold. This packing squeezed out the excess 
of mercury and condensed the plastic mass into a firm, smooth cylinder 
with parallel ends. The procedure secured both uniformity of cross- 
section and uniformity of packing conditions. 

Many preliminary experiments were made to obtain a general idea 
of the ways in which different conditions may influence the crushing 
strength of a dental amalgam. These experiments showed the effect 
of variations in such factors as the proportions of mercury and alloy used 
in mixing the amalgam, the time devoted to triturating the mix, the 



A B c D E F 


Fig. 4. — Test-cylinders of amalgam prepared by amalgamating 6 gm. alloy. 
Cylinders A and B from low-silver alloy compress and crack. Cylinders C, 
D, E, AND F from high-silver alloy burst explosively. Cylinders B and D, 
BOTH packed under 400 kg., show difference in size of amalgam from same 
WEIGHT of alloy. D IS 25 PER CENT. LARGER AND 75 PER CENT. STRONGER THAN B, 
Cj D, AND E ARE PACKED UNDER 141, 400, AND 1131 KG. PER CIR. CM., RESPECTIVELY. 
Natural size: 10.0 mm. in diameter. 

temperature of trituration, the pressure under which the amalgam is 
molded into test cylinders, the time that this packing pressure is main- 
tained, the height of the test cylinder, the time that elapses between 
the making and the crushing of the cylinder, the temperature at which 
it is stored during this interval, and the rate at which the crushing load 
is applied during the testing. To save time in reaching the general 
conclusions desired, no attempt at controlling the temperature of the 
specimen during crushing was made in these earher tests; the tests 
were made at whatever temperature the room happened to offer. As a 
consequence, the accidental errors, measured by deviations from average 
values, were often considerably larger than in the later tests, in which 
temperature and other influencing conditions were carefully controlled 
Even the preliminary experiments demonstrated the need of a thoroughly 
standardized technique if results of real value were to be obtained. 
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Influence of Height of Test-piece Upon Apparent Strength 

In short-column tests it is important to have the test specimen suf- 
ficiently high to eliminate the effect of friction between the crushing 
jaws and the specimen; otherwise the apparent strength will be greater 
than the true strength of the material. Therefore, one of the first things 
to be determined was the minimum height allowable with amalgam 
cyUnders 1 cm. in diameter. About 9 mm. was found to be ample; 
reduction to 6 mm. would not introduce serious error (Fig. 5). How- 
ever, no cylinders shorter than 10 mm. were ever used. 



0 2 4 6 8 10 12 14 16 

Height of Test Cylinder in mm 


Fig. 5. — Test specimens that are too short make material appear stronger 

THAN IT REALLY IS. 

Influence of Packing Pressure and of Packing Time 

The next points to be decided were the influence of packing pressure 
and of packing time upon both the mercury content and the strength of a 
high-grade amalgam.^ The pressures used in packing were systematic- 
ally varied from 25 to 3200 kg. per cir. cm. and the time during which a 
packing pressure was maintained was varied from 1 to 16 minutes. 


® The ratio of the masses of mercury and alloy that are mixed together to form an 
amalgam will be frequently referred to as the ^mercury-alloy ratio.’’ In the process 
of molding this amalgam into test specimens, some of the mercury, along with a small 
amount of alloy, is squeezed out by the pressure exerted through the piston of the 
mold. The percentage of mercury in the finished test specimen is here designated as 
the ^‘mercury content.” 

®For convenience, nearly all pressures are here expressed in terms of kilograms- 
weight per circular centimeter. 1 kg. per cir. cm. = 4x kg. per cm.^ = 18.05 lb. per 
in.2 Hfeck and his followers express crushing srrength in terms of pounds-weight 
under which a 0.085-in, cube failed. Such a result must be multiplied by 7.6 to reduce 
to kilograms-weight per circular eentimeter. 
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The time of packing was found to exert but little influence upon the 
crushing strength/ especially when the packing pressure was low. Our 
earliest experiments indicated that it would be safe to standardize 
upon a packing time of 8 min. in order to eliminate possible irregularities 
arising from this source. Later tests under controlled temperature 



Fig. 6. — Both crushing strength and mercurt-contbnt of an amalgam vary 
4.S logarithm of packing pressure. Large deviations from lower curve arise 
moM crushing specimens at various temperatures. 

showed the advisability of reducing the time to 4 min.; still later ones 
resulted in adopting 2 min. as the standard. The slight increase of 
strength observable when a high packing pressure was maintained for 

^Throughout this paper the term ** crushing strength” is used to designate the 
)ressure (almost always expressed in kg. per cir, cm.) under which the test specimen 
ailed when subiected to simnlo aYinl r»r»TTmr#»flQinT» 
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a considerable time seemed traceable to cold working. This view was 
strengthened by results obtained at higher temperatures. Dilatometric 
measurements of reaction expansion (which were found to be far more 
delicate indicators than results of crushing tests) showed but little change 
upon reducing the packing time to one-quarfcer of a minute (see p. 689). 

The packing pressure was found to exert a marked influence (Fig. 6). 
Even the earliest tests at room temperature showed that, other things 
being equal, the crushing strength S increases directly as the logarithm 
of the packing pressure P; so that, within the limits of experimental 
error, it can be expressed by a formula of the type S = A + B log P, 
which is equivalent to P = in which e stands for the logarithmic 
base, while A, B, a, and b are parameters depending upon such factors 
as the nature of the amalgam and the temperature of crushing. At 
the same time, the mercury content was found to decrease logarithmically 
with increasing packing pressure; so that it, too, could be represented 
by a similar formula. 

The curves shown in Fig. 6 were calculated from such equations. 
It can be seen that nearly all the points representing the results of the 
individual tests lie close to the curves. A few, however, deviate by 
more than appears to be the uncertainty of our crushing tests. As was 
then assumed, and now confirmed by later experiments, these irregulari- 
ties can be readily explained by the fact that the tests were made at room 
temperature on different days during the summer, which resulted not 
only in different cylinders being crushed at widely different temperatures, 
but also in different amounts of moisture being condensed from the air 
upon the filings of alloy as they were being triturated with mercury. 
In addition, some of the deviations may have been due to the use of 
hand power in applying the crushing load, and to those occasional ir- 
regularities that seem inseparable from strength tests, such as defective 
specimens and failure to adjust properly between the jaws of the testing 
machine.® 

The alloys used in all the other tests described in the second part of this 
paper were likewise amalgamated by trituration in a mortar, unless the 
contrary is stated. In most cases, however, 6 gm. of alloy were used, 
and changes were made in such factors as mercury-alloy ratio, tritura- 
tion time, and age of the amalgam when tested. 

The logarithmic law connecting strength with packing pressure now 
has the support of more than 4000 crushing tests of amalgams prepared 


® Each cylinder used in the tests recorded in Fig. 6 was prepared from 5 gm. of a 
high-grade alloy in the form of filings, just as furnished to the dentist. This was 
incorporated with 1.40 times its mass of purified mercury by thoroughly triturating in 
a glass mortar for 1.5 min. The resulting amalgam was quickly rolled into a ball, 
dropped into the mold, and packed immediately. The cylinders were crushed 24 hr. 
after making. 
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under widely varying conditions. The only systematic deviations 
from it thus far observed were found with cylinders undergoing transi- 
tion: either the mix had not completely hardened, or else it was softening 
from the transformation that occurs near 70° C. (see p. 671). Even in 
these cases the deviations were only slight. 

Application op Logarithmic Law 

As sooiL as the law was discovered it was applied for checking and 
adjusting observations. Instead of following the usual engineering 
procedure of averaging the results from several tests of specimens all 
subjected to the same treatment*, cylinders for testing a given point 
were always prepared in groups of three, or of five, packed under pressures 
increasing in geometrical progression. The pressures actually used 
were from the series 100, 141, 200, 283, 400, 566, 800, 1131, and 1600 
kg. per cir. cm., in which is the common ratio. Then, if the crushing 
strengths found for all the cylinders of a given group were plotted as 
equidistant ordinates, the points obtained should lie close to a straight 
line. This procedure yields just as good an average value as if all the 
cylinders of the group were packed under the same pressure. In addition, 
it yields the particular curve connecting strength with packing pressure 
that holds for the conditions under which the test is made. Its justifica- 
tion lies in the fact that, with the exceptions noted in the preceding 
paragraph, the logarithmic law has always been found to represent the 
observations within the limits of experimental error. 

Influence of Amalgamation Variables 

The fact that both the strength and the mercury content change 
regularly with the packing pressure suggests at once a close connection 
between the former and the latter. Long ago. Black found that the more 
mercury he squeezed out during the packing of a given amalgam, the 
stronger was the filling he obtained; but his methods of experimenting 
were not sufficiently precise to bring out any quantitative relationships. 
That the suggested connection is not of the nature of cause and effect, 
but is rather a coincidence resulting from a common cause, becomes ap- 
parent as we notice how strength and mercury content are affected by 
varying such factors as the mercury-alloy ratio and the trituration time. 

Figs. 7, 8, and 9 exhibit the results of varying the mercury-alloy ratio 
from 0.5 to 2.5, while the trituration time was maintained uniformly 
at 1.5 min. This varied the mix from a very stiff to a very pasty one. 
The cylinders packed under the lowest pressure (141 kg. per cir. cm.) 
show the phenomenon most clearly, both mercury content and crushing 
strength increasing rapidly in the same general way to maximum values, 
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which remain constant as the mercury-alloy ratio is still further in- 
creased. The illustrations show how the increases of packing pressure 
progressively wipe out the effects and cause the maxima to be reached 
sooner; also, that constant mercury content is reached before constant 
strength. 



0.5 1.0 I.S 5M) 2.5 



Fiq^ 7^ — ^Effects of vabying relative amounts of mercury and alloy that 

ARE MIXED TOGETHER IN MAKING AN AMALGAM. 

Figs. 10 and 11 exhibit the results of varying the trituration time from 
1 to 8 min., while a constant mercury ratio of 1.40 was used. The curves 
of Fig. 10 show that, in general, more mercury is retained in a test cylinder 
by prolonging the trituration; but it is interesting to note that when 
the packing pressure is low, less mercury seems to be left in the cylinder 
by increasing the trituration time from 1 to 2 min. Apparently this 
is because the shorter trituration leaves many of the alloy granules so 
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Jarge that a low packing pressure is insufficient to squeeze out the free 
mercury from the spaces among the solid particles. The curves also 
show that for a given trituration time the mercury content changes 
almost inversely as the logarithm of the packing pressure. 

Increasing the trituration time while the packing pressure is kept 
constant is accompanied by a progressive increase in strength (Fig. 11) 




Mercivy-Alfoy Ratio Packed taider dOO ki: 

Fig. 8. — Modification of Fig. 7 produced by increasing packing pressure 
FROM 141 to 400 KG. PER CIR. CM. 

until the latter reaches a maximum when the trituration is maintained 
for about 6 min. Prolonging the time beyond this brings about a very 
gradual falling off in strength on account of the incipient setting of the 
amalgam during the mixing. The results also indicate that the log- 
arithmic law connecting crushing strength and packing pressure is ap- 
plicable for any given trituration time within the range investigated. 
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The reason why excessive amalgamation produces so little effect 
upon the mercury content would appear to be simply that the metals 
entering into a dental alloy are only very slightly soluble in mercury.® 




Fig. 9. — Modification of Figs. 7 and 8 by further increase of packing pressure 
TO 1131 KG. PER CIR. CM. 


^McBain and Joyner {Journal^ Chemical Society of London (1911) 99 , 195-208; 
Dental Cosmos (1912) 64 , 646-648) analyzed mercury that had been saturated by two 
weeks^ contact in a thermostat with filings of silver-tin alloys, ranging by 10-per cent, 
steps from one pure metal to the other. They found that at 25° C. the mercury dis- 
solved but 0.044 per cent, silver and 0.75 per cent, tin, and that these saturation values 
were independent of the composition of the alloy. At 63° C., about 0.18 per cent, and 
2.5 per cent., respectively, were dissolved. Even the most thorough amalgamation 
of dental office practice is hardly likely to bring about complete saturation. 
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Influence of Temperature 

12 represents the results of crushing 63 similar cylinders of a 
high-grade dental amalgam at temperatures fairly uniformly distributed 



Fig. 10. — Changes in mercury content produced by varying time devoted to 


' triturating mix op alloy and mercury. 



Fig. 11. — Gain in crushing strength produced by increasing trituration 

TIME. 

over the entire range from below 25° C. to over 95° C. Each cylinder was 
prepared by incorporating the same mass of alloy filings with 1.60 times 
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this mass of mercury. After triturating for 4 min., the resulting smooth, 
plastic amalgam was packed under a load of 400 kg. maintained for 8 
min. This produced a cylinder 10.04 mm. in diameter by 11.5 mm. 
high, 40 per cent, of its mass being mercury. All the cylinders prepared 
in this way were immediately placed in an incubator kept at 37.5° C. 



Fig. 12. — ^Effect of temperature on crushing strength. Transition 
REGION SHOWN BY THE RAPID FALL IN STRENGTH BETWEEN 70° AND 80° IS CONFIRMED 
BY Figs. 13 and 14. 

(body temperature), where they remained for several days before crush- 
ing, thus insuring practical completion of the hardening process. The 
alloy used contained approximately 68 per cent, silver, 26 per cent, tin, 
5 per cent, copper, and 1 per cent. zinc. 

All the 63 individual determinations made on three separate days 
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are included in the chart. The abscissa of a point represents the tempera- 
ture of a cylinder at the time it was being crushed; the ordinate, the com- 
pressive load in kilograms-weight sustained by the cylinder at the instant 
of failure, and, therefore, the crushing strength in kilograms-weight per 
circular centimeter. The closeness with which the points follow a smooth 
curve shows the uniformity with which a dental amalgam can be pre- 
pared, and also the precision with which crushing tests can be made, 
provided proper precautions be taken. 

The curve indicates that with rising temperature the crushing strength 
of the particular amalgam represented decreases somewhat faster than 
linearly from 5300 kg. per cm.^ at 25° to 4050 at 45°, and 2550 at 65°. 
At 37.5° the strength was found to be 4550 kg. per cm.^ or nearly 65,000 
lb. per square inch. 


Transition Region near 70° C. 

One of the most interesting features of this curve is the sudden plunge 
that it takes soon after passing 70° C. Black had observed that an amal- 



Fig. 13 . — Transition region revealed by modified Roberts-Austen method. 
Temperatures plotted as ordinates are those op neutral body. Abscissas 

ARE GALVANOMETER DEFLECTIONS. DIAGONAL CURVES SHOW RATE OF HEATING 
NEUTRAL BODY, EACH HORIZONTAL SPACE REPRESENTING 20 MIN. 

gam, upon heating to the temperature of boihng water, suffered a notice- 
able permanent change in both appearance and volume, which he sur- 
mised was caused by something other than ordinary thermal-expansion. 
McBain and Joyner, employing a liquid dilatometer in the usual way. 


Dental Cosmos ( 1895 ) 37 , 661 . 
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located a sharp transition at 71.5° I have confirmed the existence 

of this transition by means of two other entirely independent methods 
of thermal analysis. 

Fig. 13 reproduces typical curves obtained by a modification of the 
Roberts-Austen method of observing temperature differences between 
the sample and a neutral body while both were being heated simul- 
taneously in the same enclosure. It is evident that the transition is 
accompanied by an appreciable absorption of heat.^^ The heating curves 
obtained with two cyhnders packed for 8 min. under 141 and 1131 kg. 
per cir. cm., respectively, showed sharp peaks at essentially the same 
temperature, which was close to 77.3° C., corresponding to about the 



Fig. 14 . — Transition region revealed by dilatometeic method. Curves 

REPRESENT HEATINGS OP SAME SPECIMEN ON TWO SUCCESSIVE DAYS. 

completion of the sudden drop in strength. The magnitude of the heat 
absorption was somewhat greater with the cylinder packed at the lower 
pressure, which also contained a greater proportion of mercury. The 
beginning and the end of the transformation are not sharply defined, 
but are in the neighborhood of 70° and 90°, respectively. On cooling 
from 100° to 50° no corresponding evolution of heat was observed, show- 
ing that the transition is not a reversible one. The absorption of heat, 
however, reappears at about the same temperature with each successive 
warming of the same specimen; but the magnitude of the effect pro- 
gressively diminishes. 

Fig. 14 reproduces a pair of curves obtained by a method that depends 
upon variations in linear thermal expansivity. The two curves show 


(1912) 64 , 649. 

12 McBain and Joyner {Ihid.j 64 , 647) state that “ Comprehensive series of cooling 
curves of the various amalgams were taken, but the chemical changes involved are too 
slow for this method to be advantageous. It was found that all amalgams of tin and 
silver, even those that have long hardened, undergo partial fusion at 65° to 100°, and 
gradually become more fluid as the temperature is raised.’’ 
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the effect of heating the same specimen on sudcessive days. The modi- 
fications produced by the first heating and the reappearance of the shaip 
minimum should be noted. The amalgams represented by Figs. 13 and 14 
were prepared from different alloys. 

Influence of Packing Pbessuhe at Vabious Tbmperatitkes 

Having learned how the strength of a high-grade dental amalgam 
could be altered by varying separately either the packing pressure or 



Fia. 15.— Locabithmic law connecting chttshing strength and packing pbes- 
SOEE HOLDS AT ANT TBMPERATTBE BETWEEN 26° AND 65° C. 


the temperature of crushing, it became of interest to investigate the effect 
of simultaneously varying both of these parameters within wide limits. 
Accordingly, a group of test cylinders were packed for 4 min. under 

VOL. LX. — 43 . 
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loads of 100, 200, 400, 800, and 1600 kg. per cir. cm. After storing at 
37.5° for 3 days, these were crushed at temperatures distributed over the 
interval from 25° to 100° C. 

Some of the results are represented by Fig. 15. The curve for each 
temperature was calculated from an equation of the type S — A B 
log P, in which the letters have the same meaning as on p. 664. The 



Fig. 16. — Transformation of logarithmic curves of Fig. 15 by plotting ab- 
scissas PROPORTIONAL TO LOGARITHMS OF PACKING* PRESSURES. 

plotted points, each of which represents an individual crush (not an 
average of several tests), were located after applying small corrections 
to reduce the observations to what they would have been if the tempera- 
tures at the time of crushing had been exactly those stated along the 
right-hand margin. 
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Precisely the same data are plotted in Fig. 16. The only difference 
is that the curves of Fig. 15 have been transformed into straight lines 
by the simple mathematical expedient of making the abscissas proportional 
to the logarithms of the packing pressures. The results of tests at 70° 
and at 75°, which are here added, indicate slight deviations from the 



Fig. 17. — Data represented in Figs. 15 and 16 plotted to show that strength 

OF GIVEN AMALGAM SPECIMEN DECREASES LINEARLY WITH INCREASE OF TEMPERATURE. 

Logarithmic law is expressed by equal angular divergence of straight lines 

CORRESPONDING TO VARIOUS PACKING PRESSURES. 

logarithmic law at these temperatures, but these deviations are hardly 
greater than the experimental errors. 

Still another view of these same facts is afforded by Fig. 17. Here 
again the straight lines (each of which corresponds to a definite packing 
pressure, ranging from 100 kg. per cir. cm. at the bottom to 1600 at the 
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top) result from direct mathematical transformation of the lines appearing 
in the preceding two figures, the logarithmic relations being expressed 
by the equal angular spacing. In this plot no corrections are necessary 
for temperature deviations from the nominal values. The points repre- 
sent the actual observations, each packing pressure being indicated by its 
own symbol. Additional observations near 85° and 100° are included. 

It is possible that the lines representing the results between 25° and 
65° in Fig. 17 should be shghtly curved as in Fig. 12. However, the 
straight lines, as drawn, afford a simple means of expressing the observed 
facts within the limits of experimental erroj. The reason why the first 
part of the curve in Fig. 12 lies above the median line of Fig. 17 is to be 
sought in the fact that the cyhnders used for the former were somewhat 
harder, because they were subjected to the packing pressure for 8 min. 
instead of 4, and they were stored more than twice as long before crushing. 

Cooling the amalgam below 20° or 25° was found to result in a marked 
reduction of the rate at which strength changes with change of tem- 
perature. Perhaps this has some connection with the transition of tin 
from the white to the gray form. 

Influence of Age upon Alloy and Amalgam 

Two more questions of vital interest to the dentist will now be con- 
sidered. (1) How does the strength vary with the time that elapses 



Fig. 18. — Hakdening of amalgams. Amalgam from high-silver alloy is 75 per 
CENT, stronger THAN THAT FROM LOW-SILVER ALLOY. 

after the plastic mix is condensed into a rigid cyUnder by the application 
of the packing-pressure? Does an amalgam, after hardening to its 
maximum strength, maintain this strength indefinitely? (2) Does the 
alloy from which the dentist prepares his amalgam deteriorate from 
long standing on the dealer's shelves? 

In Fig. 18, the upper curve shows the behavior of an amalgam from 
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the same high-grade alloy that has been represented in the preceding 
charts; the lower curve shows the behavior of an amalgam from a typical 
low-grade alloy still much used by dentists all over the country. Both 
alloys were treated in exactly the same way; the cylinders had been packed 



Fig. 19. — Amalgams from dental alloy of good quality show no retrogression 

IN STRENGTH DURING MORE THAN YEAR. 

for 2 min. under 400 kg. per cir. cm. The results with other packing 
pressures yielded similar curves, which are here omitted to avoid con- 
fusing the chart. For the same reason, those cylinders between 0.1 
hr. and 6 hr. old are also omitted. Note the extremely rapid rise in 



Fig. 20. — Uniformity and stability of dental alloy op good quality 
Figures to right of lines indicate pressures uI^der which amalgams were 

MOLDED INTO TEST CYLINDERS. 

strength during the first 2 hr., followed by a slow increase that con- 
tinues for more than a week. Note, also, the striking difference between 
the high-grade and the low-grade alloy. 

The stability of the high-grade amalgam is well brought out by 
19, which compares cylinders only 7 days old with others which had 
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been stored at body temperature for more than 16 months before crushing. 
Whether the mix was triturated for 1.5 or for 6 min., whether it was 
packed under 100, 400, or 1600 kg., there is not the slightest indication of 
retrogression in strength. The results demonstrate conclusively that 
it is perfectly possible to make a dental alloy which will yield a stable 
amalgam. 

Fig. 20 shows the uniformity of product attainable in the regular 
commercial manufacture of a high-grade dental alloy. It shows, also, 
that the sample of alloy which had been standing in the package as long 
as 6 years yielded just as strong an amalgam as the sample which had 
been made only a few days before testing. These results prove beyond 
question that a properly made alloy does not deteriorate with lapse of 
time, provided it has been kept reasonably clean and has not been 
subjected to gross abuse such as storing in an unusually warm place. 

DIMENSIONAL CHANGES DURING THE HARDENING OF 
AN AMALGAM 

I must now turn to the consideration of those highly interesting and 
important volume changes that take place during the hardening 
process, changes that for lack of a better term I shall call ^'reaction 
expansions.’^ 

Black Amalgam Micrometer 

The instrument, commonly known as the Black amalgam micrometer, 
shown in Fig. 21, is essentially a form of spherometer for measuring 
movements in the free surface of an amalgam filling packed into a cavity. 
This cavity is bored into one face of a round steel block, called a Wedel- 
staedt test tube. In the foreground of the picture can be seen a number 
of these which contain fillings, the tube in the upper right-hand corner 

Ward conducted an extensive series of tests which led him to the conclusion that 
some, at least, of the high-silver dental alloys on the market show marked deteriora- 
tion with time both before and after being made into amalgam fillings. Dental 
Review (1907) 21, 416; Dental Cosmos (1908) 50, 114-116; Journal, Allied Dental 
Societies (1916) 11, 446. 

Changes in microstructure continue for a long time after the amalgam is packed 
into the tooth, and these changes bring about not only rapid increase of strength and 
hardness but also dimensional changes, which, however, have nothing to do with the 
ordinary thermal expansion that follows change of temperature. They are accompani- 
ments of the internal readjustments that take place, even at constant temperature, 
and may properly be called ^^reaction expansions,^’ using the term in the algebraic 
sense to include both expansion and contraction. During hardening an amalgam 
may either expand or contract. More often, it moves first one way, then the other. 
It is not intended that the use of the term will imply that the phenomenon is regarded 
as caused hy a purely chemical reaction. The term is used for convenience to cover 
all dimensional changes that occur during hardening at constant temperature, what- 
ever may be the nature of the internal processes that bring them about. 

Dental Cosmos (1895) 37 , 637 ff. 
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of the group being empty. The black dots in the centers of the fillings 
are thin steel disks embedded in the amalgam while still soft, in order 
to prevent the measuring contact of the micrometer from sinking in. 
One of the test tubes is shown as placed in the instrument. 

From the standpoint oTthe professional metrologist, the design of the 
Black micrometer is interesting as an example of accuracy in some parts, 
combined with abundant opportunity for serious errors, both systematic 
and accidental — errors which neither Black nor his followers seem to 
have suspected. While the dial under the pointer of the instrument 
is graduated in divisions corresponding to 0.0001-in. change in elevation 
of the amalgam surface, and readings are commonly expressed to one- 
quarter of this unit, the results cannot be relied upon to any such extent. 



Fig. 21. — Black amalgam micrometer with group of Wedelstaedt test tubes 

IN FOREGROUND. 

I have nowhere been able to find the slightest indication that any of the 
users of amalgam micrometers ever thought to calibrate his instrument. 
The only check that seems to have been applied consisted in examining 
the filling margins with a binocular microscope, which, of course, would 
reveal nothing until the contraction or the expansion was great enough 
to tear the amalgam away from the cavity walls. 

While the design of the Black amalgam micrometer is such as to render 
it unreliable for measurements requiring high accuracy, that of the 
Wedelstaedt test tubes is still more unsuitable. What is measured by 
the micrometer is neither Hnear nor volumetric expansion; it might ap- 
propriately be called heaped-measure expansion. Even when a contrac- 
tion is indicated, the movement of the filling is not a simple linear dis- 
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placement until the amalgam has become completely free from the 
constraints imposed upon it by the walls of the cavity. The only reliable 
procedure for accurate measurements of expansions — whether thermal 
or reaction — ^is to employ a method which leaves the specimen perfectly 
free to change its dimensions in the direction of the displacements under 
examination. 

The combination of Black micrometer and Wedelstaedt test tubes 
gives opportunity for still other uncertainties. A slight tipping or loosen- 



Fig. 22. — Thermostated dilatometer designed for accurately measuring 

DIMENSIONAL CHANGES DURING HARDENING OF AMALGAM AT CONTROLLED TEMPERA- 
TURE. 

ing of the little disk against which the measuring point presses has been 
known to give totally misleading readings. The pressure exerted by 
this contact point is far too great. The readings obtained depend too 
much upon the way the instrument is manipulated. Lack of temperature 
control, and the irregularities that are inseparable from specimens 
packed by hand pressure or by mallet blows in the ordinary dental way, 
still further confuse the results. It is no wonder, then, that we find 
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officially reported^® to the National Dental Association results of Black 
micrometer tests on the same high-grade alloy that range from 1 to 20 
points expansion. Even one of Black’s own pupils in alloy-making, 
after 20 years of almost daily experience with the instrument, found 
the results entirely too unreliable for making further progress in the 
manufacture of an alloy of the highest grade. And no other instrument 
of the accuracy^® required for the refinements contemplated had yet 
been invented. It was for this reason that I was called upon to design 
suitable instruments and to reinvestigate the whole problem with all the 
facilities now available for metallographic research. 

Thermostated Dilatometer Designed by Author 

An exterior view of one of the instruments that I designed for studying 
reaction expansions appears in Fig. 22. It is a thermostated linear dila- 



Fig. 23. — Three views of -amalgam cylinder used in measuring reaction 
EXPANSIONS TO AN ACCURACY OF 0.05 MICRON. NATURAL SIZE. 

tometer capable of measuring displacements with an accuracy of 0.05 
micron = 1/500,000 in., which is one-fiftieth the least count of Black’s 
amalgam micrometer. Moreover, it is provided with arrangements for 
cooling and for heating, so that a specimen under observation can be 
maintained at any desired temperature from below —50° C. to over 
+300° C. 

The amalgam specimens used with this dilatometer are molded into 
short, right, circular cylinders 1 cm. in diameter. Three views of such a 

Dental Cosmos (1913) 66, 57 and 59. 

^^One ^+oint^^ expansion represents a movement of 0.0001 m. =2.5 microns in 
the measuring point that presses against the specimen. As a means for describing a 
characteristic of the amalgam it is, however, extremely indefinite; partly for reasons 
given in connection with Wedelstaedt tubes, partly because the dimensions of the 
cavities in these tubes do not conform to any fixed standard. Black {Dental Cosmos 
(1896) 38, 967), in defining a “point” as 0.0001 in., says, “its relative value in 
shrinkages or expansions is one in three thousand, lineal measurement,” an idea which 
he repeats on p. 975, where he gives the dimensions of the cylindrical cavity as 0.38 
in. in diameter by 0.30 in. in depth. Elsewhere {Ibid. (1895), 37, 639) he gives 0.38 
by 0.38. On the next page he gives % by 34- McCauley {Ibid. (1913) 66, 56) gives 
o!^33 X 0.38. 

By “accuracy” is meant all that this word implies; not “least” count, which can 
easily be made as small as one pleases by merely increasing the multiplying factor (and 
at the same time increasing the errors) of the instrument; nor even “precision” of 
repeating a given measurement. “Correctness,” “reliability,” are meant. 



682 METALLOGEAPHIC PHENOMENA OBSERVED IN AMALGAMS 


cylinder are shown in Fig. 23. The small axial holes molded into each 
base are for supporting the specimen between centers, so that it will be 
perfectly free to expand or contract radially. The radial groove near the 
circumference of one base is for engaging the pointed end of a screw 
which prevents the cylinder from turning on its axis. This insures that 
the contacts for transmitting the displacements to the multiplying 
mechanism will always bear against the ends of the same diameter. The 
cylinders are prepared just as those used for crushing tests (p. 661). 
This method very accurately makes all the cylinders of the same diameter, 
so that the insertion of a fresh cylinder never requires the readjustment 
of the instrument to bring the scale within the field of the telescope by 
which it is read. Moreover, the cylindrical surfaces are so smoothly 
formed that reliable bearings of the measuring contacts are assured. 



Fig. 24. — Graphic representation of reaction expansions. Detail op 
CURVE shown in FiG. 25 BETWEEN BLACK DOTS. INDIVIDUAL OBSERVATIONS MADE 
WITH DILATOMETER EVERY MINUTE WHILE DETERMINING DIMENSIONAL CHANGES 
THAT OCCUR DURING HARDENING OF A DENTAL AMALGAM. INSTRUMENT RELIABLE 

TO 0.05 MICRON = 1/500,000 in., which is Ko least COUNT OF Black micrometer. 
During measurement with dilatometer, amalgam is maintained at desired 
temperature by thermostated stirred oil-bath. 

The multiplying mechanism is a combination of mechanical and 
optical levers so designed that the pivotal and the frictional errors almost 
always present in such arrangements are eliminated. A simple optical 
device eliminates errors that would otherwise proceed from those minute 
changes in the relative positions of telescope, mirror, and scale that are 
constantly taking place in all such apparatus. My instrument, which is 
in daily use, is so little sensitive to external disturbances that nothing 
short of a direct blow will vitiate its readings 0.05 micron. Still, the 
moving parts are so delicately adjusted that the measuring contacts that 
bear against the amalgam can be separated by such a small force as that 
produced by pressing sidewise with the tip of a cameFs hair brush. 
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The amalgam dilatometer is used for following the course of reaction 
expansions from minute to minute throughout the day. Measurements 
can be started within 1 min. after a cylinder has been molded;* but the 
first two or three observations are likely to be affected by small errors 



Fig. 25. — Curve representing dimensional changes occurring in dental 

AMALGAM DURING FIRST 8 HR. OF HARDENING. 


caused from disturbing the temperature when the oil-bath is lowered long 
enough to permit the insertion of the specimen. 


GRAPHICAL' Representation op Reaction Expansions 

A series of individual observations made 1 min. apart are plotted in 
Fig. 24. This represents the results obtained during only 13^ hr. of an 
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Fig. 26. — Showing reliability with which two cylinders of amalgam 

SAME ALLOY CAN BE PREPARED AND MEASURED. 


8-hr. run. In order to include the entire series of a day’s observations 
in a single chart of convenient size, the original plot is made on the scale 
of in. to the minute, which brings the points so close together that 
they must be represented in the published charts as continuous curves 
(drawn by tracing the original plots). Such a curve is shown in Fig. 25. 
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The part included between the two prominent dots represents exactly the 
same observations as the lower chain of dots shown in Fig. 24. The 
upper chain of dots represents the temperature observations. Since 
the temperature of the dilatometer bath seldom varied more than 0.1°, 
its record is not shown in subsequent charts. In all of these, the base of 
a small rectangle represents 1 hr., the altitude an expansion of 2.5 
microns = 0.0001 in. (approximately) in the 1-cm. cylinder of amalgam. 



Fig. 27. — Typical reaction expansion curve (R180) and modifications caused 
BY increase op PACKING PRESSURE. 

Fig. 26, which represents the behavior of a different amalgam, is 
presented merely to show how accurately results can be reproduced with 
a given alloy. Cylinders R 151 and R 154 were made on separate 
days. The two curves obtained are almost exactly congruent. As will 
be seen later, this affords a most delicate test for the uniformity of the 
technique employed in preparing the amalgam cylinder from the filings 
of alloy, as well as for the reliability of the dilatometer in recording such 
minute displacements. 



Fig. 28. — Variations of curves shown in Fig. 27 produced by increasing 

TRITURATION TIME. 


Typical Reaction Expansion Curve 

From a group of several hundred curves representing reaction ex- 
pansion in a dental amalgam under various conditions, a few are selected 
to illustrate certain general principles. Contrary to the generally 
accepted teachings of Black, the dimensional changes of an amalgam 
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Fig. 30. — Transformation of curves of Fig. 29 by reducing temperature from 

37.5° TO 25° C. 

In the curve representing the behavior of specimen R 180, Fig. 27, 
there is a slight contraction followed by a slow expansion, which in turn 

Black states that ‘‘Shrinkage and expansion of the amalgam used is not under 
the control of manipulation by the operator. This can be controlled only in the 
selection of the alloy to be used. Shrinkage or expansion is controlled by the pro- 
portions of the metals of which the alloy is formed, and their relations to each other 
as alloyed or mixed. In the particular compound selected for use, shrinkage or ex- 
pansion does not depend upon the proportion of mercury; further than that, wide 
shrinkages or wide expansions can in some degree be modified as to extent, not con- 
trolled. As these are only modifications and do not control, they are unimportant 
in the manipulative sense ; the question of shrinkage and expansion resolves itself ex- 
clusively into that of the correct balancing of the metals in the alloy.” “Operative 
Dentistry,” 2, 319. Chicago, 1908. Medico- Dental Pub. Co. 
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is followed by still slower contraction. This is the typical reaction expan- 
sion curve for a dental amalgam. This assertion does not mean that 
all the curves actually obtained look more or less like this one, but rather 
that every curve so far obtained may be regarded as one of a continuous 
family, the individual members of which result from progressively 
transforming a curve of this shape. By appropriate modifications of 
the alloy and of the manipulation accompanying amalgamation we can 
produce all the gradations in form that separate one curve from another 
which at first sight seems to bear no relation to it. Some concrete ex- 
amples will make this clear. 



Fig. 31. — Effects produced by changing mercury-alloy ratio and trituration 

TIME. 

Influence op Packing Pressure 

The three specimens represented in Fig. 27 were prepared by tri- 
turating together the same proportions of the same alloy and mercury 
for the same time. All were packed for 2 min. in a mold at 37.5® C. and 
were kept at this temperature during the observation of their dimen- 
sional changes. The differences in shape are produced solely by changing 



Fig. 32. — ^Effect of large change in mercury-alloy ratio. 


the packing pressure from 100 kg. per cir. cm. with R 180 to 400 kg. per 
cir. cm. with R 178 and 1600 kg. per cir. cm. with R 181. The increases 
of pressure progressively shorten the time consumed in reaching the 
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stages corresponding to the minima and the maximum. The change 
from 100 to 400 kg. per cir. cm. accelerates the reaction to such an extent 
that the initial contraction observable with R 180 is over before observa- 
tions can be commenced; it has apparently taken place in the mold. 
The change from 400 to 1600 kg. per cir. cm. produces a further accelera- 
tion of the reaction; so that the maximum, which was reached by R 180 



Fig. 33. — Small effects produced by varying packing time. 

only after the lapse of 3 hr., is reached by R 181 in about 4 minutes. Such 
an increase in the reaction rate is just what one might reasonably expect 
from the more intimate union between mercury and alloy that accom- 
panies increase of packing pressure. 



Fig*. 34. — Effects produced by varying annealing time of alloy. 

Influence op Trituration Time 

Again, accelerating the reaction by increasing the trituration time 
from 1.5 to 4.0 min., while keeping all other conditions the same, changes 
the appearance of the curves from that shown in Fig. 27 to that shown in 
Fig. 28. R 480 has been transformed into R 117, R 178 into R 166, 
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and R 181 into R 130. In these the faint remains of the maxima so 
prominent in Fig. 27 may be seen. The progressive alteration in shape 
as the trituration time is progressively increased is, perhaps, still more 
clearly shown by Fig. 29, which reproduces R 178 and R 166, and adds 
two other curves for the same packing pressure of 400 kg., the first of 
which (R 169) shows the result of shortening the trituration time to 
0.5 min., the second (R 182) the result of lengthening it to 6 minutes. 



hrs. 


Fig. 35. — Effects of changing size of alloy particles. 

Influence of Temperature 

. Fig. 30 shows how reducing the temperature from 37.5° to 25.0° C. 
transforms curves R169, R 178, and R 166 into R 172, R 171, and R 170, 
respectively. This is merely an example of the familiar fact that re- 
duction of temperature usually retards the rate of a chemical reaction. 
By cooling to 5 or 10° C. I have produced such a retardation that it 
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takes many hours to establish the existence of a slow contraction follow- 
ing the flat maximum. 

Influence of Mercury-alloy Ratio 

Fig. 31 shows the effect of changing the mercury-alloy ratio. The 
amalgams for R 167 and R 178 were both triturated for 1.5 min.; but the 
mercury-alloy ratio was 1.40 in the former and 1.60 in the latter. The 
amalgams for R 166 and R 168 were both triturated for 4 min.; but the 
mercury-alloy ratios were 1.40 and 1.60, respectively. All four speci- 
mens were in other respects treated alike, being packed for 2 min. under 



Fig. 36. — Extension of typical reaction expansion curve R 180 of Fig. 27. 

400 kg. and observed at 37.5°. When the mass of mercury is 1.40 times 
the mass of alloy with which it is mixed, it is considerably more diflB.cult 
to obtain a smooth plastic amalgam than when the ratio of these masses 
is increased to 1.60. Increase of trituration time still further increases 
the plasticity. Fig. 31 shows how more thorough amalgamation actually 
changes the reaction rate in the direction in which we might naturally 
expect some change. Fig. 32 represents changes brought about by in- 
creasing the mercury-alloy ratio from the very low value of 0.60, used 
for R 38, to the very high value of 2.00, used for R 9. Both specimens 
were triturated for 1.5 min. and packed for 8 min. under 400 kg. The 
reaction expansions were measured at 50° C. 

Influence of Packing Time 

The small effect of packing time is shown by Fig. 33. All specimens 
were triturated for 4 min. with a mercury-alloy ratio of 1.60, resulting in 

VOL. LX. — 44 . 
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rather thorough amalgamation. All were packed under 400 kg. The 
time during which this packing load was applied varied from 
8 min., as follows: 34 niin. R 165, 1 min. R 164; 2 min. R 166; 8 min. 
R 179. The dimensional changes were measured at 37.5®. Some of 
the difference in the general positions of the curves is due to the fact that 
as the packing time is progressively increased, the time available for 
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Fig. 37. — ^Effect of softening a hardened amalgam by heat (R 39) and of 

RBAMALGAMATING (R 40). 

observation in the dilatometer is decreased. This results in some 
obliteration of the initial steep descents in the curves. 

All of the transformations that have been illustrated by Figs. 27 to 
33, inclusive, were brought about by controllable changes in the manipu- 
lation of amalgams made from the very same batch of alloy, that is to 
say, by changes which must necessarily creep into any procedure for 
testing dental alloys for dimensional changes during hardening. It 






ARTHUR W. GRAY 


691 


is clear, therefore, that unless all influencing conditions are properly 
controlled, the results of such a test lead to misleading conclusions. 
There are still other transformations that may be produced by purely 
physical treatment of the alloy before it is mixed with mercury to form 
an amalgam. 

Influence of Annealing Alloy 

Annealing is an important instance of physical treatment. The 
temperature and the time required to anneal an alloy in order to produce 
the best product are of great importance in its manufacture. But these 
cannot be known until we know precisely how annealing modifies the 
properties of amalgams made from various alloys. Fig. 34 shows some 



Fig. 38. — Amalgam from a low-silver alloy. Excessive contraction. 

effects of annealing the alloy represented by Figs. 27 to 33. R 53 was 
annealed for 5 days, R 51 for 10 days, R 46 for 15 days, and R 43 of 
25 days. 


Influence of Size of Alloy Particles 

The size and shape of the alloy particles influence the reaction expan- 
sion. The three curves shown in Fig. 35 were obtained from the same 
batch of alloy filings manipulated in exactly the same way, as far as 
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amalgamation, packing, and temperature are concerned. But the par- 
ticles used for R 58 were too coarse to pass through a sieve of 48 meshes to 
the inch, those used for R 59 passed through one of 200 meshes, and those 
used for R 66 were extremely fine. As the alloy is made progressively 
finer, the expansion curve undergoes the same sort of transformation 
that accompanies increase of trituration time (Fig. 29) and increase 



01 234567 Ilf*. 

Fig. 39. — ^Amalgams from another low-silver alloy. Contraction followed 

BY EXCESSIVE EXPANSION. 

of mercury-alloy ratio (Fig. 31); that is to say, reducing the size of the 
alloy particles facihtates the amalgamation, a result that we might have 
expected in kind if not in degree. But curve R 66, after reaching its 
minimum, takes a slight upward turn, suggesting that there may be still 
another maximum beyond the second minimum of our type expansion 
curve R 180 of Fig. 27. 
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Extension of Typical Expansion Curve 

By progressively increasing the thoroughness of amalgamation, 
more and more of the early portions of the type curve are wiped out. 
At the same time the rate of reaction is increased so that the character- 
istic features make their appearance sooner and stand out more promi- 
nently. Therefore, if the slight rise at the end of R 66 really indicates 



the approach of another maximum, and not a mere vagary of the appara- 
tus, more thorough amalgamation ought to emphasize this feature of 
the curve. Since the curves of Fig. 35 were obtained with a mercury- 
alloy ratio of only 1.40 and a trituration time of only 1.5 min., it was 
easy to test the matter. Fig. 36 shows how R 59 and R 66 were thus 
transformed into R 62 and R 67 upon increasing the mercury-alloy 
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ratio to 2.33 and the mixing to 6 min. trituration with mortar and pestle 
followed by 10 min. kneading in the hand. 

Influence op Thermal Softening and of Re amalgamating a 
Hardened Amalgam 

As a final example of transformations brought about by physical 
treatment of this same alloy, Fig. 37 is given. It shows results obtained 
by heating a hardened amalgam until it softens (R 39), and by mixing 
more mercury with filings from a hardened amalgam (R 40). 



Fig. 41. — Amalgams from high-silver alloy. 

Curves Obtained with a Variety of Dental Alloys 

I shall conclude my exhibit of data by presenting without much 
comment a few curves obtained with amalgams from several different 
alloys. Figs. 38 to 44, inclusive, are typical. Figs. 25 and 26, which 
were introduced to illustrate precision of apparatus and technique, might 
be considered with this collection. 

Copper Amalgam 

It may be of interest to point out that Fig. 44 reproduces two curves 
obtained with pure copper amalgam. Both of the specimens represented 
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were packed for 2 min. under 400 kg. per cir. cm. The dimensional 
changes were measured at 37.5° C. R 185 was triturated for 1.5 min., 
R 184 for 4 min.^® 



Fig. 42.— Amalgams from high-silver alloy showing characteristic curve 
AND modifications PRODUCED BY PROGRESSIVELY INCREASING PACKING PRESSURE 

(R 118, R 121, R 119). Compare with Fig. 27. 



Fig. 43. — Amalgams from tw'o high-silver alloys. 



PRACTICAL APPLICATIONS OF THE RESULTS 

The determinations of both crushing strength and dimensional changes 
during hardening show how profoundly the behavior of an amalgam may 

Ward (Journal^ Allied Dental Societies (1916) 11 , 457) says, ‘‘With the use of 
copper amalgam there seems to be a different phase of the problem confronting us at 
once. In the first place it does not change in volume to a degree that has been de- 
tected by any methods of measuring volume change at present known. It is sup- 
posed to be free from either contraction or expansion.” 
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be influenced by such things as mercury-alloy ratio, trituration time, 
packing pressure, temperature during hardening, temperature during 
testing, and age of amalgam, as well as by the characteristics of the par- 
ticular alloy under test. Therefore, comparisons of different dental 
alloys are worth little unless it is shown that proper attention has been 
given to the control of all such factors. It is just because such control 
is lacking that we must discard as worthless a great many of the tests 
that have been made with the Black dynamometer and with the Black 
and other micrometers. The traveling microscope, even though it 
be possible to repeat readings to within 1 micron or less, may conceal 
large instrumental errors, while the Wedelstaedt test tube is fundamen- 
tally wrong. 

Contrary to general opinion, the soft, fine-grained amalgam obtained 
by long continued trituration with plenty of mercury hardens into a 
stronger filling than does a less plastic mix. By making the alloy so 
that the last movement shall be an expansion of desirable amount when 
a practicable packing pressure is employed, we secure a filling that 
approaches the ideal in regard’ to rapid hardening, final strength, plas- 
ticity, and volume changes. A fine-grained, plastic mass that expands 
slightly during hardening makes for tight fillings. Any procedure that 
brings about more intimate contact between the alloy particles and the 
mercury, and thereby accelerates the reaction, results in shortening the 
time required for the filling to reach its final, stable condition. 

The production of a dental alloy to fulfill these requirements entails 
not merely the selection of a suitable formula, but also careful attention 
to various physical details of manufacture. A high-silver amalgam 
within a few hours becomes as strong as a low-silver amalgam ever be- 
comes and finally attains a strength about 75 per cent, in excess of that 
attained by the low-silver. A given weight of a high-silver alloy makes a 
considerably larger filling than the same weight of a low-silver alloy, 
because it unites with more mercury, which is comparatively cheap. 
Consequently, it often proves more economical to use the high-silver 
alloy, which is superior from every point of view. 

Two objections are sometimes raised against the use of a high-silver 
alloy. The first, that such alloys amalgamate with some difficulty, has 
been overcome by means of a recently invented process that removes from 
the annealed comminuted alloy surface impurities which hinder union 
with the mercury. The second, that a high-silver alloy requires more 
rapid manipulation, can be overcome by proper manipulation. After 
triturating thoroughly with sufficient mercury to make a smooth, plastic 
mix, the dentist has merely to avoid expressing the excess mercury 
until just before placing the amalgam in the cavity. Moreover, an 
amalgam that has already begun to harden slightly may be softened 
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again without loss of strength by adding a little more mercury and work- 
ing the mass until again plastic. 

The form assumed by the type curve of reaction expansion, and the 
transformations it may be made to undergo by suitable control of the 
fundamental parameters, indicate the possibility of analysis into a group 
of superimposed curves of the exponential type, suggesting strongly a 
complicated reaction or transition that is separable into several element- 
ary components which progress simultaneously and successively at 
different rates. 
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Two Instances of Mobility of Gold in Solid State 

BY EDWARD KELLER,* PH. D., NEW YORK, N. Y. 

(New York Meeting, February, 1919) 

Gold Movement on Surface of Auriferous Copper When Latter 
Is Subjected to Oxidation 

Some years ago the writer^s attention was called to the fact that roll- 
ing-mill scales from auriferous copper do not have the gold content pro- 
portional to the gold contained in the copper from which they are derived.^ 
So, later, he made a few simple experiments, which are described herewith. 

In order to test the gold movement on the changing surface of a 
copper plate under the influence of oxidation, plates 6 in. by 8 in. by 1 in. 
(16.2 cm. by 20.3 cm. by 2.5 cm.) of converter copper, refined, of 99.29 
per cent, purity, and leaded copper with a content of 95.65 per cent, 
copper, were obtained. Ten cuts were made through the thickness 
of the plates along the longitudinal center and the silver and gold content 
ascertained in each of the 10 samples in both plates, as shown in the 
accompanying illustration. The assay results, recorded in Tables 1 and 2, 
show that the gold distribution is relatively uniform in both plates, while 
silver has greater variations, especially in the leaded plate. The plates 
subjected to oxidation were placed in a red-hot muffle for about 2 hr., 
two small scorifiers being used as supports. Arranged alongside each 
other, they nearly filled the width of the muffle, and so were practically 
under equal conditions of heat and draft. The accurate observance 
of the time was not possible, however, because of other work, but the 
time of the exposure of each plate in a pair was identical. At the end 
of each period, each plate was plunged into water and completely freed 
of scale, which was carefully collected, dried, weighed, and analyzed. 
Samples of the plates had also been taken of the molten metal and duly 
analyzed. 

Table 3 contains the analytical data for the two plates and their 
several sheets, or layers, of oxide scales. These figures show that in 
the oxidations of the converter copper the silver is fairly uniform, while 
the gold is highly irregular and especially low in the first layer. In the 
oxidations of the leaded copper plate, the silver and gold contents are 
variable; however, this irregularity is due to two different causes. The 

* Metallurgical chemist. 

^ H. A. Prosser, private communication. 
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fourteen oxidations with the converter copper plate and the five oxida- 
tions with the leaded copper plate left a residual plate approximately 
in. (6.3 mm.) thick in each case. 
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Method by which samples were taken. 


Table 1. — Converter Copper Plate 


Sample 

Number 

Silver in Sample, ! 

1 Oz. per Ton 

G in Sample, 

Oz. per Ton 

1 

' 77.1 

0.34 

2 

' 76.4 

0 34 

3 

76 1 

0 34 

4 

76 5 : 

0.32 

5 

76 3 

: 0 34 

6 

76 3 

! 0 34 


Sample 

Number 

Silver in Sample, ; 
Oz. per Ton ; 

Gold in Sample, 
Oz. per Ton 

7 

75.6 ! 

0.32 

8 ! 

75.8 1 

0.34 

9 ! 

77.4 

0.34 

10 

77.3 

0.34 

Average 

76.48 ) 

1 

0.336 


Table 2. — Leaded Copper Plate 


Sample 

Number 

Silver in Sample, 
Oz. per Ton 

Gold in Sample, 
Oz. per Ton 

Sample 

Number 

Silver in Sample, 
Oz. per Ton 

Gold in Sample, 
Oz. per Ton 

1 

81.2 

0.42 

7 

80.7 

0.44 

2 

80.0 

0.42 

8 

81.1 

0.44 

3 1 

79.9 i 

0.40 

9 

82.3 

0.44 

4 

80.4 1 

0.40 

10 

86.1 

0.44 

5 I 

80.5 j 

0.44 

Average 

81.27 

0.428 

6 i 

80.5 i 

0.44 





The figures given in Table 3 do not form a proper basis for comparison 
nor' do they give the proper relation between the precious metals in the 
oxides and in the copper plates. The simplest way to show these rela- 
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Table 3. — Analyses of Copper Plates and Layers of Oxide Scales 


Oxidation 

Sample 

Numoer 

Converter Copper Plate 

Leaded Copper Plate 

Oxide, 

Grams 

Copper, 
Per Cent. 

Silver, 
Oz. per 
Ton 

Gold, 
Oz. per 
Ton 

Oxide, 

Grams 

Copper, 

Per 

Cent. 

Silver, 
Oz. per 
Ton 

Gold, 

Oz. per 
Ton 

1 

410 

86.93 

68.20 

0.040 

1200 

73.67 

89.30 

0.180 

2 

400 

87.18 

66.74 

0.115 

1110 

78.79 

66.84 

0.245 

3 

550 

87.71 

67.75 

0.125 

1400 

79.38 

56.00 

0.295 

4 

340 

87.52 

66.74 

0.305 

1040 

79.32 

60.28 

0.215 

5 

390 

87.83 

65.94 

0.110 

800 

78.91 

54 52 

0.230 

6 

580 

88.01 

64.65 

0.230 





7 

350 

87.79 

65.75 

0.230 





8 

435 

87.96 

64.76 

0.215 

1 




9 

455 

88.09 I 

65.76 

0.340 

I 

1 

I 


10 

420 

87.77 1 

66.01 

0.415 


1 



11 j 

455 

87.95 

67.32 

0.260 



1 


12 

395 

87.60 

65.31 

0.300 


1 



13 

390 

88.03 

65.14 

0.265 





14 

375 

88.00 

64.90 

0.285 





Plate . . . i 


99.29 

76.30 

0.315 


96.65 

81.00 

0.410 


Table 4. — Data in Table 3 Converted to Basis of Cu = 100 


Oxidation 

Converter Copper Plate 

Leaded Copper Plate 

Sample 

Number 

Copper in 
Oxide, 
Grams 

Copper, 
Per Cent. 

Silver, 
Oz. per 
Ton 

Gold, 
Oz. per 
Ton 

Copper in 
Oidde, 
Grams 

Copper, 

Per 

Cent. 

Silver, 
Oz. per 
Ton 

Gold, 

Oz. per 
Ton 

1 

365.4 

100 

78 45 

0.046 

884.0 

100 

121.22 

0.244 

2 

348.7 

100 

76.55 

0.132 

874.6 

100 

84.83 

0.311 

3 

482.4 

100 

77.26 

0.143 

1111.3 

100 

70.55 

0 372 

4 

297.6 

100 

76.26 

0 348 

824 9 

100 

76.00 

0.271 

5 

342.5 

100 

75.08 

0.125 

631.3 

100 

69.09 

0.291 

6 

510.5 

100 

73 46 

0.261 





7 

307.3 

100 

74.89 

0.262 





8 

382.6 

100 

73.63 

0.244 





9 

400.8 

100 

74.65 

0 386 





10 

' 368.6 

100 

75.21 

0.473 

j 




11 

' 400.2 

100 

76.54 

0.296 





12 

346.0 

100 

74 55 

0.342 





13 

343.3 

100 

74.00 

0 301 





14 

330.0 

100 

73.75 

0.324 





Average 
Total. . . 
Plate . . . 

373.8 

5225.9 


75.30 

0.2605 

1 865.1 
4326.1 

j 


84.62 

0.3024 

100 

76.85 

0.317 

100 

84.68 

0.428 




tions is to transform these analytical figures to the basis of Cu = 100; 
the result is given in Table 4. The silver and gold is now directly 
comparable between each oxidation and the original copper plate, also 
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the silver and gold content in each oxide layer now pertaining to the cop- 
per that was oxidized. In the converter copper plate, the silver is 
fairly uniform in the several oxide layers and of about the same content 
as the average of the original plate; in other words, under the influence 
of oxidation of the copper, the silver is practically immobile. The gold 
is not only irregular but ranges from a minimum of 0.046 oz., in the first 
oxide layer, to a maximum of 0.473 oz., in the tenth layer. The correct 
average of the gold in all the oxidized copper of the converter copper 
plate is 0.2605 oz. per ton, or 82.2 per cent, of the 0.317 oz. per ton, which 
is the average gold for the whole plate. It follows, therefore, that 
at no stage of the oxidation was all the gold taken up by the oxide scales 
while some must have retreated and concentrated on, or in, the residual 
plate. For the leaded plate. Table 4 shows great variations in silver f^or 
the several oxidations. That these differences are not due to the mobility 
of the silver has already been indicated. Lead is not soluble in solid 
copper and in a copper-lead plate, hke the one under consideration, most 
of the lead is retained mechanically on account of the rapid chilling after 
casting in a cold metallic mold. The mechanically contained lead appears 
to be under strain, for when the plate is reheated to redness the lead begins 
to ooze out at the top as well as the bottom, showing that other forces 
besides gravity are operative. Silver is more soluble in lead than in copper 
and moves from the inner plate outward with the molten lead as carrier. 
This fact was proved in a special test with a similar plate. The lead 
drops on the surfaces of the plate were collected before the copper had 
formed any appreciable oxide layer and their silver content was found 
to be 635.3 oz. per ton. The outward movement of the lead in the plate 
is confirmed, too, by the lower copper content of the first oxide layer, com- 
pared with the others, and by the higher copper content of the residual 
plate, compared with the original plate. The silver Carried by the lead 
contains no appreciable amount of gold, so while the lead and the silver 
move outwards in the molten state, the gold concentrates toward the 
solid copper of the residual plate, even to a greater degree than in the 
case of the converter copper plate. The average gold content for all 
the copper oxidized in this plate is 0.3024 oz. per ton, or 70.65 per cent, 
of the average gold contained in the whole plate, which is 0.428 oz. 
per ton. 

What has been proved of the gold movement toward the residual 
plates by the figures just given should also be proved by the analyses 
of the residual plates themselves. However, these residual plates, which 
were approximately 34 in. (6.3 mm.) thick, had samples planed from the 
top and bottom surfaces and these, as also one from the finally remaining 
plate, were analyzed, but the weights of the respective parts were not 
taken, so that a proper average of the assays cannot be given. Never- 
theless, the results are given in Table 5. 
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Table 5. — Analyses of Residual Plates 



Converter Copper Plate 

Leaded Copper Plate 

Location of Sample 

Copper, 
Per Cent. 

Silver, 
Oz. per 
Ton 

Gold, 

Oz. per 
Ton 

Copper, 
Per Cent. 

Silver, 
Oz. per 
Ton 

Gold, 

Oz. per 
Ton 

Top surface 

99.33 i 

77.77 

0 53 

97.77 

72.80 

0 48 

Bottom surface 

99.38 ' 

75 35 

0 35 

, 97.70 1 

72.30 

0 58 

Inner plate ... . 

99 55 

78 20 

0.41 

98.12 

69.61 

0.34 


Cast Copper, Quenched, Richer in Gold than Molten Charge 

Most of the converter copper now shipped from the smelteries in the 
form of anodes, bars, etc. is subjected to the so-called pickling process; 
that is, the red-hot castings are plunged into water, in which they shed 
most of the oxide scales that have formed on their surface. That the 
first layer of oxide, or scales, formed contains only about one-tenth of 
the gold in the original copper has been conclusively proved in the tests 
with the converter-copper plate. No data available show the commercial 
magnitude of this problem but the first layer of scales in the oxidation 
of the experimental converter copper plate may, perhaps, be an index 
of what takes place on a larger scale in metallurgical practice. The 
original plate was not weighed, but from its dimensions, 6 in. by 8 in. 
by 1 in., and the assay results the following data and conclusions are 
obtainable : 


Weight of original plate, pounds ..144 

Weight of copper in first oxide scales (365.4 gm.), pounds. . 0 8 


Weight of remaining plate, pounds 13.6 

Gold in original plate, ounces per ton. ... 0.315 

Gold in copper of first oxide scales, ounces per ton 0 . 046 

Weight of gold in original plate, ounces . 0.002268 

Weight of gold in first oxide scales, ounces. . . . 0.000018 


Weight of gold in remaining plate, ounces 0 . 002250 

Gold in remaining plate, ounces per ton . 0.331 

Gold in original plate, ounces per ton ... 0.315 


Enrichment of remaining plate, ounces per ton 0.016 

= 5 08 per cent. 


This last figure, of course, will decrease with the increase of the 
thickness and weight of the plates or with the decrease in the thickness 
of the layer of oxidized copper. In the latter case, however, the scales 
would become poorer in gold, which would relatively increase the en- 
richment of the remaining plate. The thickness of the layer of copper 


oxidized in this experimental case approximates 


0.75 

28 


= 0.027 in.; where 
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0.75 in. is the thickness of all the coppeir oxidized and 28 the number of 
layers of scales produced by the 14 oxidations. It is not likely that this 
figure is reached in actual metallurgical practice. 

Figures are available for copper sampled from the molten furnace 
charges and by drilling the pickled anodes. The samples by these 
methods are acknowledged to be correct and the assays were made by 
identical standard methods. Table 6 gives such a comparison on monthly 
runs for 6 mo.^ The gold assays at the eastern end, made on drill 
samples from anodes, are uniformly higher than those of the west, where 
the assays were made on shotted samples from the furnace charges. 
These differences, though, are so small that they may be accidental or 
due to personal factors and render the point raised essentially academic; 
yet the factor undoubtedly exists and possesses the same algebraic sign 
at all times. 

Speed of Oxidation of Copper Containing Impurities 

The figures given plainly demonstrate that the copper of the leaded 
plate was much more quickly oxidized than the copper of the purer 
converter-copper plate and that the copper in the former was transformed 
approximately into cupric oxide while in the latter it remained essen- 
tially in the form of cuprous oxide. Table 7 gives the ratios of copper 
oxidized and of the oxygen taken up by the copper in the several plates. 
An additional test was made with a pair of plates, one of which was 
identical with the converter copper in the other tests, while the second 
contained approximately 1 per cent, of arsenic. The oxidation was 


Table 7. — Speed of Oxidation of Copper in Plates 





Copper Ratio 


Converter Copper 

Leaded Copper 



Number of Oxidation 

Plate, Copper 

Plate, Copper 

1 



Oxidized, Grams 

Oxidized, Grams 

Converter 

Leaded 




Copper Plate 

1 Copper Plate 

i 

1 

1 

365.4 

884.0 

1 

2.42 

2 1 

1 348.7 1 

874.6 

1 

2.51 

3 

1 482.4 

1111.3 

1 

2.30 

4 

297.6 

824.9 

1 

2.77 

5 

1 342.5 

631.3 

1 

1.84 

Total 

1836.6 

4326.1 j 


Average i 

367.5 

865.2 

i 1 

1 

2.35 

Oxide, grams 

2090.0 

5383.5* 

' Oxygen Ratio 

Copper, grams . . . . | 

1836.6 

4326.1 



Difference 

263.4 

1057.4 

1 

4.17 


* Original oxide less 3 per cent, allowance for lead. 


* E. Keller: Principles and Practice of Sampling Metallic Metallurgical Materials, 
U. S. Bureau of Mines, Bulletin No. 122 (1916) 16, 74 
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performed at a much lower temperature than in the former tests, therefore 
the smaller quantity of copper oxidized in about equal time. Of the 
converter copper, 73.79 gm. of copper were oxidized and 185.44 gm. of 
the arsenated plate, giving a ratio of 1 : 2.51. 

Formerly copper sulfate (bluestone) was produced by oxidizing 
copper shot or granules, in reverberatory furnaces and dissolving the 
finally obtained cupric oxide in sulfuric acid, etc. Comparatively pure 
and impure coppers were used, the latter having the advantage of much 
more ready oxidation. However, the disadvantage of the slow oxida- 
tion of the purer copper was overcome by converting it into hollow shot 
with very thin shell, thus enormously increasing its oxidizable surface. 
Pure copper, when molten, absorbs large volumes of sulfur dioxide, 
which is emitted upon cooling; therefore, when a jet of cold water, or air, 
strikes a stream of molten copper saturated with the sulfur dioxide the 
resulting shot are hollow. This absorbent power of pure copper for 
sulfur dioxide diminishes as other impurities increase and hollow shot 
cannot be produced from very impure copper. 

Explosive Condition 

In one of the series of tests, the two plates were left in the muffle for 
about double the usual time. When the converter copper plate was 
plunged into water, it shed its scales a little more noisily than usual but 
when the leaded plate was immersed, there was a loud report, the hand of 
the manipulator received a shock, and his eyes were firmly closed for 
some moments. The eyes, however, were absolutely uninjured and the 
very finely divided copper oxide that had struck the face with consider- 
able force caused little irritation. The water bucket, though, was broken 
into numerous pieces. 

There was an essential difference in the character of the scales of 
the two plates. Those from the converter-copper plate were relatively 
hard and remained in compact pieces of some size, while the scales from 
the leaded plate generally disintegrated into powder when striking the 
water. This suggests that the explosion was due to the enormous 
surface of the increased quantity of the red-hot oxide powder, spontane- 
ously evolving a great volume of steam. This incident is recorded 
merely to call attention to what might happen if tons of similar material 
were plunged into a bosh. 

Gold Movement on Surface of Auriferous Silver when Latter 
IS Dissolved in Nitric Acid 

It is generally known that in silver-gold alloys the silver is soluble in 
nitric acid when the alloy contains about 30 per cent, or less of gold and 
that in the higher grade of alloys comparatively strong nitric acid may be 
used without disintegrating the gold. As the gold content decreases and 
nitric acid above a certain strength is used, disintegration will take place. 
However, for the whole series of alloys down to 1 per cent, or even less of 
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gold, a proper strength of nitric acid and heat will dissolve the silver and 
leave the gold in such a coherent state that it represents the exact shape 
of the original bead, although very much reduced in size when little gold 
is present. Therefore it may be said that, with decreasing gold content 
in the silver-gold bead the more marked will be the gold movement in 
the direction of the retreating surface of the silver under the solvent 
action of the nitric acid. 

Bearing on Accuracy of Gold Assay 
The assay silver-gold beads derived from the greater part of the 
converter copper now produced contain about 1 per cent, of gold. Un- 
less the gold is obtained in coherent form in the parting operation there are 
almost unavoidable losses in the decanting manipulations and a resultant 
low gold assay. For example, when such low-grade assay beads are left 
in cold dilute nitric acid, nine parts water to one part nitric acid (sp. gr. 
1.42), until all the silver is dissolved, the gold will be completely disin- 
tegrated. The same dilute nitric acid is the best solvent for preserving 
the gold in the desired state, when it is brought to the temperature of 
boiling water as quickly as possible after the assay bead is immersed. 
The higher temperature evidently increases the gold mobility. 

Influence of Impurities in Silver on Gold Mobility 
Silver-gold assay beads derived from silver chloride and metallic gold 
by the customary operations of scorification and cupellation have a silver 
6neness, after deduction of the gold, of 996 to 998.5 per thousand. 
Titrations and analyses have confirmed these figures. An analysis of 
30 gm. of such beads showed them to contain 0.16 per cent, lead and 0.15 
per cent, bismuth, the latter metal having concentrated in the silver from 
the test lead, which at the time contained approximately 0.02 per cent, 
of that metal. Assay beads of not less than 997 silver fineness offer no 
difficulty in the gold assay, but when the silver falls to 990 or lower, 
the gold cannot be obtained in any otner form than powder, no matter 
what acid and heat combinations are employed. 


Table 8. — Assays of Copper Anode Residues 



Hot Scorification and 

Cool Scorification and 

Origin 

Cupellation 

Cupellation 

j 





i Silver, 

Gold, 

Silver, 

Gold, 


Oz. per Ton 

Oz. per Ton 

Oz. per Ton 

Oz. per Ton 

In beads ... 

1 

3613.12 

28.030 

3688 85 

27.815 

In slags 

.1 55.38 

0.010 

56.44 

0 020 

In cupels . . - 

.! 21.64 j 

0.045 1 

20 93 

0.025 

In decantation 

■ * 1 1 

0.075 ! 

... ! 

0.225 


28 160 


3766.22 


28.085 


Total 


3690. 14 
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Much difficulty was formerly encountered in obtaining concordant 
results for silver and gold in the assay of the same sample of copper- 
anode residues by the all-fire method. There were always disagree- 
ments, reading, '^high silver, low gold^^ or '^low silver, high gold.'^ 
Ta'ble 8 gives the averages of 20 individual assays for each case. As 
the pyrometer has not been introduced in the assay muffle, it is impossible 
to give the terms ^^hot’’ and '^cooT’ in degrees of temperature. By 
the term ^^hot'^ is meant a temperature that will keep the slag in the 
scorifiers thoroughly liquid and will prevent the formation of lead oxide 
crystals (feathers) in the cupels; by ^'cooT^ is meant a temperature that 
keeps the slag molten but permits the profuse formation of crystals in 
the cupels. Many other careful assays than those given in Table 8 
showed this sample of anode residues to contain 3750 oz. of silver. The 
table, therefore, proves that from the operations with the higher tem- 
perature a considerable portion of the silver was not recoverable ; that is, 
it was volatilized, while at the lower temperature impurities to the extent 
of 16.22 oz. were retained by the assay beads. Supposing the beads 
that yielded the result of 3750 oz. to be of 998 fineness, those that gave 
3766 oz. should be 993.8 fine. The table shows that in the gold assay 
of the beads of the latter character considerable gold passes into the 
decantation liquid, owing to disintegration, and that it is three times 
as great as that from the beads obtained in the hotter operations and 
which, therefore, are purer. This decanted gold is not visible, ordinarily, 
and is not recovered in commercial work. It is best collected by the 
precipitation of a certain quantity of silver chloride, filtration, etc. 
There naturally is a gradation in the degree of the gold disintegration 
from its almost complete cohesion when derived from silver beads of 
998 fineness to its pulverulent form when derived from beads of, perhaps, 
990 fineness. 

A scientific examination of the causes of these differences has not been 
made. It is a generally accepted theory that the whole silver-gold 
alloy series form solid solutions in which the two metals are, to a certain 
extent, in a state of continuity, their molecules remaining within spheres 
of mutual attraction and therefore the possibility of the cohesive property 
of the gold when the silver is dissolved. It may readily be imagined that 
impurities forming eutectic mixtures may be so interspersed in the 
alloy as to disrupt the continuity of the gold and to destroy its cohesive 
property. Or, certain impurities may form chemical compounds with 
the gold itself, which would no longer have the properties of the metal, 
but would leave it in a finely divided metallic state upon the action of 
the nitric acid. 
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Probably no other metal excites as much interest, among both 
scientific men and the general public, as radium. This is due partly 
to the high cost of radium salts and partly to the peculiar properties of 
the element. Since radium-bearing ores were discovered in the United 
States, the interest of American scientific men has been stimulated and, 
at the present time, more radium is extracted and refined in this country 
than in all the rest of the world together. 


History 

The property of radioactivity was discovered, partly by accident, by 
Henri Becquerel, the French physicist, in 1896. He was experimenting 
with certain fluorescent substances in order to find, if possible, a connec- 
tion between fluorescence and the recently discovered X-rays. Among 
other chemicals which possess the property of fluorescence, he was using 
salts of uranium. His custom was to expose the fluorescent substance to 
the action of sunlight and then register the effect of possible penetrating 
radiation on a photographic plate protected from ordinary light. Bec- 
quereFs experiments gave positive results at once, and he at first believed 
that he had discovered a relation between fluorescence and X-rays. 
Later he exposed r plate to a uranium salt which had not been previously 
exposed to sunlight. To his surprise, on developing this plate, he found 
that he had obtained the same effect as he had previously secured when 

* Physical Chemist, U. S. Bureau of Mines. 
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the uranium salt had been exposed to sunlight. The pursuit of this partly 
accidental discovery has given us our whole science of radioactivity. It 
was found that radium and its salts had the property of ionizing gases, 
or converting the molecules of gases into charged particles. It is this 
property which is used almost exclusively in identifying radioactive 
substances and in making quantitative determinations. 

Mme. Curie, wife of the Professor of Physics in the Sorbonne, in Paris, 
became interested in the work of Professor Becquerel, and examined all 
the known elements to see whether any of them possessed properties 
similar to those of uranium. She found that thorium and its salts would 
also affect a photographic plate, without previous exposure to sunlight, 
and would also ionize gases. Thorium, as well as uranium, is, therefore, 
radioactive. 

Mme. Curie found that radioactivity was an atomic property. A 
given weight of uranium metal had the same activity, no matter whether 
it was combined with chlorine, bromine, the (SO 4) radicle or the (NO3) 
radicle. The other elements in combination with the uranium did not 
affect the activity in any way. She then made a study of radioactive 
minerals, paying especial attention to pitchblende, which is a natural 
uranium oxide containing traces of lead, arsenic, bismuth, and other 
impurities. This was furnished her by the Austrian Government from 
its mines at St. Joachimsthal. To her surprise, she found that a piece 
of pitchblende carrying a given weight of uranium had approximately 
four times greater activity than any pure uranium salt containing the 
same weight of uranium. This indicated that either her original conclu- 
sion that radioactivity is an atomic property was wrong, or the pitch- 
blende contained another element, or elements, which were also radio- 
active. She proceeded to test these conclusions, and was assisted by the 
Austrian Government, which sent her a considerable amount of pitch- 
blende for this purpose. The mineral was dissolved, and the different 
groups of elements were successively precipitated, each precipitate in 
turn being tested for its radioactivity. The lead group was foimd to be 
slightly active, and we know now that this was due to the presence of 
radium G, or radioactive lead. The copper group was also active, due 
to the presence of polonium, which, in many of its properties, is allied 
to bismuth. The activity associated with the iron group was due to 
actinium, which is allied to some of the rare earths. The majority of 
the radioactivity, however, was found to be concentrated in the barium, 
strontium, and calcium group. The separation of the small amount of 
highly active material found associated with these elements was difficult 
and tedious. On separating the calcium from strontium, the activity 
still remained with the barium; and the element, radium, was finally 
separated by fractional crystallization of its salts, either chloride or 
bromide, from the corresponding barium salts. 
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Mme. Curie deserves great credit for the discovery of radium and for 
a great deal of other scientific^vrork she has carried out with marked suc- 
cess in connection with this element. But those who are not versed in the 
subject are likely to forget to some extent what has been accomplished 
by those who entered the field of radioactivity after the actual discovery 
of radium. On the physical side, science owes an immense debt of grati- 
tude to Sir Ernest Rutherford. It was he who beat out the pioneer path 
which has given us definite radioactive theories ; possessed of a keen mind 
and a splendid intellect, his insight has been almost uncanny. Sir J. J. 
Thompson, W. H. Bragg, and other physicists have added to our knowl- 
edge of this side of radioactivity; while Sir William Ramsay and Professor 
Soddy are responsible for a great deal that has been done on the chemical 
side of the subject. In this country, much has been accomplished by 
Boltwood, Schlundt, McCoy, and Lind. 

What is Radioactivity ? 

Radioactive substances will affect a photographic plate and will ionize 
gases. This is due to the fact that radium and its salts give off three 
types of rays, called the alpha, beta, and gamma. The alpha rays travel 
with a velocity of about 20,000 miles per second and are positively charged. 
It was early found by Rutherford that their mass was comparable to that 
of a helium atom; and he definitely made the statement before the proof 
was actually obtained that the alpha particle was a helium atom with two 
positive charges on it. This was afterward proved by Sir William Ram- 
say and Professor Soddy, who dissolved some radium chloride in water 
and allowed the occluded gases to run into a spectrum tube which had 
previously been evacuated. On allowing these gases to stand for a day or 
two, the spectrum of helium gradually appeared. 

The beta rays consist of negatively charged electrons, with a mass of 
about 3"f60oth of a hydrogen atom. During radioactive changes, they 
are ejected with a velocity of from 100,000 to 186,000 miles per second. 
While the alpha particle is stopped by an ordinary sheet of note-paper, 
the beta particle will penetrate a thin piece of glass, but is completely 
stopped by a millimeter thickness of lead. All evidence points to the 
fact that the beta particle is similar in its properties to the electron found 
in a Crooks tube, and gives rise to cathode rays. 

The gamma rays are not material in character but are vibrations of 
very short wave length in the ether. Just as the X-rays are formed 
in an X-ray tube by the stoppage of the cathode rays by impinging on 
the target, so the gamma rays are formed during radioactive changes 
when such changes give rise to beta rays; and these rays are expelled 
from the atom with the velocity of light. It is evident, therefore, that 
the gamma rays are practically identical with the X-rays, except that 
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they are of shorter wave length and penetrate matter to a much greater 
extent. 

Anything, therefore, is radioactive which gives out alpha, beta, or 
gamma rays, or all of them. All radioactive changes are accompanied by 
at least one of these rays. The elimination is due to the explosion of the 
radioactive atom, such explosion taking place at a definite rate, so that 
in the case of radium itself one-half is completely transformed in 1690 
years. In the second 1690 years, half of what is left will have been changed. 
In the third period of 1690 years, half of what is left at the end of the 
second period will have been changed — and so on. The 1690-year 
period is called the half-life or half-value period of radium; and it can be 
readily seen that in 10 times the half-life period, only about 1 per cent, 
of the element will remain unchanged. 

Disintegration Series 

The manner in which radioactive elements change is shown in Table 
1, giving the uranium series, and Table 2, the thorium series. Uranium 
1 changes into uranium Xi with the elimination of alpha rays; uranium 
Xi changes into uranium X 2 with the elimination of beta rays; uranium 
X 2 changes into uranium 2 with the elimination of both beta and gamma 
rays — and so on down the list. It is thus plainly seen that the metal 
uranium is the parent of radium and, indeed, of all the radioactive ele- 
ments which are found in any uranium mineral, and are shown in Table 
1. This will correct what is a somewhat general impression that radium 
is the only radioactive element found in uranium ores in addition to 
uranium itself. Indeed, all of the elements of Table 1 are found in any 
uranium ore, and most of them can actually be separated chemically, and 
their physical and chemical properties identified. 

It has already been stated that an alpha particle is a helium atom 
which has an atomic weight 4. Theoretically, therefore, whenever a 
radioactive atom explodes, with the elimination of an alpha particle, 
the resulting atom, left behind after the expulsion of the alpha particle, 
should have the atomic weight of the original atom minus 4, the atomic 
weight of the expelled helium atom. The atomic weight of radium has 
been determined experimentally as 226. The radium atom, during 
its change, loses an alpha particle with atomic weight 4 and, therefore, 
the residual radium emanation atom will have an atomic weight 222. 
By examining the fourth column of Table 1, it is seen that wherever a 
change occurs involving an alpha particle, the atomic weight of the 
resulting element is reduced by 4. As the beta particle is an electron, 
it has not suflSicient mass to affect the resulting atomic weight. 

There is some definite experimental proof that the above statements 
are correct. Sir William Ramsay and Professor Soddy actually deter- 
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Table 1. — Uranium Radioactive Series* 


Uranium Smes 

Half-value Period 

Rays 

Atomic Weight 

Uranium 1 

5 X 10^ years 

alpha 

238 

Uranium Xi 

24 . 6 days 

beta 

234 

Uranium Xj 

1 . 15 min. 

beta and gamma 

234 

Uranium 2 

2 X 10® years 

alpha 

234 

Ionium 

10® years 

alpha , 

230 

Radium 

1690 years 

alpha and slow beta 

226 

Radium emanation 

3 . 86 days 

alpha 

222 

Radium A 

3 . 0 min. 

alpha 

218 

Radium B 

26 . 8 min. 

beta and gamma 

214 

Radium C 

19.5 min. 

alpha, beta and 




gamma 

214 

Radium D 

16 . 5 years 

beta and gamma 

210 

Radium E 

5 . 0 days 

beta 

210 

Radium F 

136 days 

alpha 

210 

Radium O (lead) 



206 






♦ The branches of Tables 1 and 2 are omitted for the sake of simplicity. 


Table 2. — Thorium Radioactive Series 


Thorium Series 

Half-value Period 

Rays 

Atomic Weight 

Thorium 

1.5 X 10'® years 

alpha 

232 

Mesothorium 1 

5 . 5 years 

beta 

228 

Mesothorium 2 

6.2 hr. 

beta and gamma 

228 

Radiothorium 

2 years 

alpha 

228 

Thorium X 

3 . 65 days 

alpha 

224 

Thorium emanation 

54 sec. 

alpha 

220 

Thorium A 

0 . 14 sec. 

alpha 

216 

Thorium B 

10.6 hr. 

beta and gamma 

212 

Thorium C 

60 min. 

alpha and beta 

212 

Thorium Di 

3 . 1 min. 

beta and gamma 

208 

Thorium Dj (lead) 

10® years 

beta 

208 


mined the density of the radium emanation, and the figure obtained as 
a mean of five determinations was 223. In addition, lead is always 
found in uranium minerals, and the atomic weight of radium G, or the 
final disintegration product, according to theory, is 206. This does not 
coincide with the atomic weight of ordinary lead, which is 207 ; but some 
experimental work on the atomic weight of lead obtained from uranium 
and thorium minerals, by Professor F. W. Richards, 0. Honigschmid 
and Professor Soddy, has shown that the atomic weight of uranium lead is 
206, while that of thorium lead is 208— an exceedingly interesting experi- 
mental confirmation of the theory. We have, therefore, actually three 
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forms of lead, the only difference among them being their densities, 
each one having exactly the same chemical and physical properties. 
If they were mixed by fusion, no known method could separate them; 
and the only way of telling one from another would be by making an 
actual density determination. 

There is another radioactive series called the actinium series, which 
is very similar to the uranium series, but as it is of less importance it is 
not discussed in this paper. 

Radium Ore Deposits 

The two principal commercial ores of radium are pitchblende and 
carnotite. The former mineral has no definite composition, consisting 
of uranium oxides (13 O3, UO2) with oxides of lead, calcium, iron, bismuth, 
manganese, copper, silicon, aluminum, and rare earths. Carnotite has 
a more definite composition, being a potassium uranyl vanadate containing 
small quantities of barium and calcium. The formula K2O.2i3O3.V2O5.- 
3H2O expresses its composition fairly well, although not exactly. Of 
lesser importance are autunite, a hydrated calcium uranium phosphate 
Ca(U02)2(P04)2.8H20, and torbernite, a hydrated copper uranium 
phosphate Cu(U02)2.P208.8H20. 

St Joachimsthal 

The pitchblende deposit at St. Joachimsthal, Austria,^ is in mica 
schist inter bedded with lime schist and crystalline limestone. Toward 
the east and northeast the formation is gneiss. The gneiss was in- 
truded by quartz porphyry subsequent to the deposition of the vein 
material. In the mica schist are fissures filled with volcanic material 
which cut the mineralized zone at various points and depths. The veins 
are usually 6 in. to 2 ft. wide, in rare cases widening out to 3 ft. The 
mode of mineralization varies greatly, the ores occurring in both stringers 
and pockets. They contain the following metals: Silver, metallic, and as 
argentite, polybasite, tetrahedrite, etc.; nickel, as nickelin, chloanthite, 
etc.; cobalt, as smaltite, bismutosmaltite, etc.; bismuth, as metallic 
bismuth, bismite, etc.; arsenic, as metallic arsenic and arsenopyrite ; 
and uranium, as pitchblende and other alteration products. Galenite, 
zinc blende, pyrite, marcasite, and copper occur in minor quantities. 

The veins show that deposition occurred in three periods: the cobalt 
and nickel were deposited first, then the uranium, and lastly the silver. 


1 Richard Beck ; ^‘Lehre von den Erzlagerstaetten.” 3d Ed., 1, 408-410, Berlin, 
Bomtraeger, 1909. 

Richard Beck: “The Nature of Ore Deposits.*^ Translation by W. H. Weed. 
1st Ed., 1 , 284-287. New York and London, Engineering and Mining Journal 1905. 



714 


BADIUM 


Dolomite spar is aways present, and generally has a white or yellowish- 
white color, but changes to a brownish-red hue where pitchblende begins 
to appear, and is a dirty gray where it is actually in contact with the ore. 
Deep-blue fluorspar is always present. 

The mines at Joachimsthal have been worked since 1517. In 1545 
the production of silver ores declined considerably, but since then the 
deposits have been mined for bismuth and cobalt. During the last 25 
years the mines have been worked for uranium. 

Saxony 

In the vicinity of Annaburg, on the Saxony side of the Erzgebirge, 
the silver-cobalt veins resemble those at Joachimsthal. At Johannge- 
orgenstadt, the veins contain tin and silver-cobalt ores. Where dolo- 
mite spar is found, the silver-cobalt ores contain pitchblende, as at Anna- 
berg. In the Gottessegen mine the pitchblende occurs in the spar in 
pieces 2 to 3 in. in diameter. These mines are worked principally for 
bismuth ocher, but also for cobalt and nickel. 

In the cobalt-bismuth mines of Schneeberg, are found bismutite and 
various minerals of nickel, silver, and arsenic. There is also some 
pitchblende, uranochalcite, uranospinite, galenite, zinc blende, etc. 

Cornwall 

Pitchblende has also been found in Cornwall, England, in the tin 
region. As at Joachimsthal and Johanngeorgenstadt, the mineral is 
found associated with nickel-cobalt veins, although only part of the veins 
are highly argentiferous. Even though these veins are closely connected 
with the tin veins, they apparently are not of the same age as the latter, 
but belong to the same general period of mineralization. According to 
Ussher, Barrow and MacAllister, ^ the most important uranium producers 
are the South Terras mine, the Carharrack, Dolcoath, Wheal Unity, 
Wheal Gorland, Wheal Lovell, and Trenwith. The South Terras mine is 
situated in the valley of the Fal, southwest of St. Austell. The country 
rock is slate, intruded by greenstone and granite porphyry dikes. 

Pitchblende in the United States 

Pitchblende has been found in the following localities in the United 
States: Feldspar quarry, at Middletown, Conn., in large octahedrons; 
in HalFs quarry, at Glastonbury, Branchville, Conn., in a pegmatite 
vein and usually embedded in albite; at Marietta, S. C.; in the Baringer 


2 The Geology of the Country Around Bodmin and St. Austell. Memoirs, 
Geological Survey of England and Wales (1909), 157. 
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Hill district, Llano County, Texas; in the Bald Mountain district, 
Black Hills, S. Dak.; in Mitchell County, N. C.; and in Gilpin County, 
Colorado. The latter district is the only one of commercial importance. 

All of the Gilpin County mines, with one exception, are found on or 
near Quartz Hill, a few miles from Central City. There are five that 
have produced pitchblende in quantity: the Kirk, Wood, German, Belcher, 
and Calhoun. The Kirk, Belcher and German mines are close together 
on Quartz Hill, the Wood and the Calhoun being in the valley below. 

These mines, until recently, have been worked mainly for gold. In 
this district, gneiss and crystalline schist predominate, with intrusive 
andesitic dikes and occasionally acid granitic dikes. The rock containing 
the pitchblende, galena, sphalerite, etc., is a fine-grained aplitic granite 
which probably once contained an appreciable amount of biotite. The 
ore deposits are of two general types, one containing pitchblende with 
pyrite, sphalerite and galena, and sometimes marcasite; the other type 
contains pyrite, chalcopyrite, sphalerite and galena, with some gold and 
silver. Generally speaking, the two types are not associated, so that the 
miner has a choice of mining either for pitchblende, or for gold. 

The Kirk mine has probably been the most important producer of the 
five mentioned although reliable data on the output of pitchblende from 
this mine, up to a few years ago, has been difficult to obtain. During 
the last 12 years, about 20 tons of ore, with an average content of 35 per 
cent. UsOs, and over 100 tons with a content of 3 to 4 per cent. UsOs, 
have been mined. The mine has been shut down for some time. More 
recent operations of the German and Belcher mines produced 120 tons 
of low-grade ore, averaging about 1 per cent. UsOs, and 6 tons of high 
grade. Smaller quantities of ore have been produced at various times 
from these mines and from the Wood and the Calhoun. 

Australia 

Uranium ores are found in certain localities in Australia. One of these 
deposits is 80 miles east of Farina, a railroad station on the Great North- 
ern line in South Australia, and lies between Mount Painter and Mount 
Pitt. H. L. Y. Brown^ states that the rocks of the district consist of 
coarse and fine feldspathic, siliceous, and micaceous granite, gneiss, 
quartzite and mica schist. The rocks are contorted in places and 
penetrated by dikes of coarse, pink-colored eruptive granite. 

Two of the prospect pits are on outcrops of iron oxide with cellular 
quartz and gossan, the whole having the appearance of an irregular 
lode. The uranium minerals, torbernite and autunite, are disseminated 
through the ore, and are also crystallized on the walls of the fissures and 

3 Occurrence of Uranium Ores and other Rare Minerals near Mount Painter, in 
the Flinders Range of South Australia. South Australia, Mines Dept., 1911. 
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cavities in it. Uranophane and gummite occur sparingly ; fergusonite and 
some monazite are also present. Another uranium deposit lies southeast 
of the one just described, about 20 miles southeast of Olary, on the rail- 
road line from Petersburg to Broken Hill, South Australia. The ore 
occurs as a yellow and greenish yellow incrustation and powder on the 
faces, joints and cavities of a lode, which consists of titanifefous magne- 
tite, magnetite, etc., and quartz in association with black mica. 

Portugal 

Aut unite is found in commercial quantities in Portugal in the district 
between the towns of Guarda and Sabugal. An excellent description 
is given by Segaud and Humery.^ Apart from the uranium, the rocks 
of the region are much mineralized, showing deposits of galena, arseno- 
pyrite, chalcopyrite, tungsten and cassiterite. 

All of the deposits referred to above are important and have been 
developed as commercial sources of radium ; in fact, until about 7 years 
ago, they were the only sources from which radium ores were obtained. 

Carnotite Deposits of Colorado and Utah 

About 1910, the carnotite deposits of southwestern Colorado and 
eastern Utah began to receive attention. They were known as far 
back as 1881, but the composition of the ore was imknown until 1897. 
In 1899, an analysis showed that the ore not only contained uranium, 
but was a potassium uranyl vanadate. 

In 1900, a small plant was erected in the McIntyre district, south of 
the Paradox Valley, Colo., for the extraction and recovery of uranium oxide 
from carnotite ore. Only moderate success was achieved, and the plant 
was shortly shut down. Operations were also started by other concerns, 
notably the Western Refining Co. and the Dolores Refining Co.; these 
plants extracted uranium and vanadium only. None of these, operations 
was of importance, and it was not until 1909 to 1910 that any interest 
was shown in the carnotite deposits as a source of radium. At that time, 
the ore was almost exclusively shipped abroad. 

In the fall of 1912, representatives of the U. S. Bureau of Mines made 
a thorough survey of the carnotite fields and announced the fact^ that the 
carnotite deposits of Colorado and Utah constituted by far the largest 
source of radium-bearing ores in the world. Developments since that 
time have proved this statement to be correct, as the larger part of the 
radium that has been produced in the world has been derived from Ameri- 
can carnotite ore. 

* Segaud et Humery: Les Gisements d’Uranium du Portugal. Annales des Mines, 
MSmoires, Ser. 11 (1913) 3, 111-118. 

® Richard B. Moore and Karl L. Kithil: A Preliminary Report on Uranium, 
Radium and Vanadium. U. S. Bureau of Mines, Bulletin No. 70 (1913). 
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TEe deposits are found mainly in Dolores, San Miguel, and Montrose 
Counties, Colorado, and extend over a belt about 60 miles long by 20 
miles wide. The ore is also found to the west of the La Sal Mountains 
in Utah, and along the San Rafael Swell, southwest of Green River, 
Utah. Small patches of ore are found scattered between these points 
and extend as far north as Meeker, Colorado. 

The most usual ore is a sandstone so impregnated with yellow carno- 
tite that the color is decidedly noticeable, and contains small kidneys 
of brown sandy clay. The kidneys constitute a considerable part of some 
of the ore; in many cases they are thinly scattered through the sandstone. 
Although ore of the character mentioned is widely distributed in the 
Paradox and adjacent districts, and constitutes a large part of the ore 
shipped, it is by no means the only ore of commercial importance. In- 
deed, the variety of the ty^es of ore here and in Utah is one of the inter- 
esting features of the uranium and vanadium deposits. There are dark 
blue, brown, and black vanadium ores, the dark blue ores being lustrous 
when first mined and usually carrying uranium; high-grade carnotite in 
vug holes so soft that it can be molded in the fingers; and the same kind 
of ore crystallized with gypsum. Red calcium vanadate is found alone 
and mixed with carnotite. The ores of the Paradox district differ in 
many respects from those in Utah, but chiefly in carrying larger propor- 
tions of carnotite, and as a rule are more yellow. Not only do they carry 
more uranium but also, on the average, more vanadium, although in- 
dividual shipments from Utah, particularly from Temple Mountain, 
might seem higher in vanadium than the average ore from the Paradox 
district. 

The deposits are invariably pockets, many of which, however, are 
of considerable size. A few individual claims have produced as high as 
500 tons of shipping ore, which, however, is exceptional. The ore is 
found in a light-colored sandstone overlain in places with shale and 
conglomerate; according to Hillebrand and Ransome, this is the McElmo 
formation.® 


Metallurgical Treatment 

The average commercial ore from which radium is extracted contains 
from 5 to 10 milligrams of radium element per ton of ore. Allowing for 
losses in extraction and recovery, it takes about 5000 or 6000 tons of 
ore to give an ounce of radium element. It can be seen, therefore, 
that the metallurgical processes involved in the extraction of radium 
are entirely different from those connected with any other element. 
There are two general steps which must be carried out: first, to obtain 

• W. F. Hillebrand and F. L. Ransome: On CamoHte and Associated Vanadiferous 
Minerals in Western Colorado. U. S. Geological Survey, Bulletin No. 262 (1905), 11 , 
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a radium concentrate from the ore; and second, the re-treatment of this 
concentrate in order to extract a high-grade product. The first step is 
necessarily carried out on a large scale, while the major part of the second 
step is done in the laboratory. 

The different methods of treating radium-bearing ores to obtain a 
concentrate may be classed under three general heads: (1) an alkaline 
leach, followed by an acid leach; (2) fusing the ore with some material 
that will disintegrate it and make the extraction of the valuable contents 
possible; (3) an acid leach. 

1. Alkaline Leach Methods 

It is probable that some of the early experimental work on extract- 
ing radium from carnotite ore involved boiling the ore with a solution of 
sodium-carbonate, thus getting rid of the uranium and vanadium, which 
go into solution. Since radium has properties similar to those of 
barium, any radium in the ore would be converted into radium carbonate, 
and on treating the residue with dilute c. p. hydrochloric acid, the 
radium would be dissolved with any other acid-soluble products. 

The radium concentrate always obtained is radium-barium sulfate. 
By adding barium chloride and sulfuric acid, or sodium sulfate, to the 
slightly acid solution carrying the radium, barium sulfate is formed in 
the solution and drags down radium sulfate with it. The radium is 
almost always precipitated in this manner in a liquor sufficient in 
volume to hold it actually in solution. Undoubtedly adsorption has some- 
thing to do with the precipitation of the radium along with the barium 
sulfate, but this does not fully explain the small losses that accompany 
such precipitation. The term ^^pseudo-isotopy has been given to this 
property by Dr. S. C. Lind."^ 

The general principles outlined ^bove are included in the Haynes- 
Engle process, which involves boiling the ore with an alkaline carbonate 
solution. The object of this process was to recover uranium and vana- 
dium only, and did not attempt to obtain the radium in any form. A 
patent taken out by Warren F. Bleeker involved the extra step which the 
Haynes-Engle process did not cover, namely, the leaching of the residues 
with hydrochloric acid in order to obtain the radium in solution, after 
the ore had been boiled with an alkaline carbonate solution. 

The alkaline leach method has many advantages and some disad- 
vantages. It separates the uranium and vanadium from the ore during 
the first stage of the process. It eliminates sulfates by converting the 
metallic sulfates in the ore into metallic carbonates and soluble sulfates, 
which go into the filtrate with the uranium and vanadium. The radium, 


^ S. C. Lind, J. E. Underwood, and C. F. Whittemore: The Solubility of Pure 
Radium Sulfate. Journal^ American Chemical Society (March, 1918) 40 , 465-472. 
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therefore, is left behind in the residue as carbonate, practically free from 
sulfates. This prevents the re-precipitation of the radium as sulfate, 
on treating with acid, until after the acid solution is filtered from the 
tailings. On the other hand, it has the following disadvantages: It 
converts some of the silica in the ore into sodium silicate, which makes 
filtration very difficult — in fact, most of the filtering and washing has to 
be done by decantation. It is difficult to treat concentrates obtained 
by this process, as these are almost invariably of very fine mesh, whicli 
adds to the filtration difficulties. The treatment with alkaline carbonate 
converts most of the iron and a good part of the aluminum in the ore 
into an acid-soluble form, so that the acid consumption is high. The 
method, however, can be used with success for the treatment of certain 
uranium ores, particularly carnotite, autunite, and torbernite. 

2. Fusion Methods 

The first method used for the extraction of radium was fusing pitch- 
blende ores with sodium sulfate. This method was originally used by 
the Austrian Government in connection with the treatment of pitch- 
blende ores from its mines in St. Joachimsthal. By this fusion, the ura- 
nium in the ore is changed to sodium uranate, which can be dissolved 
from the insoluble residue, after leaching out the excess of sodium sulfate 
with water, by dilute sulfuric acid. The radium remains behind with 
the residue and, before the discovery of radium, was discarded. After- 
ward, the residue was boiled with sodium carbonate, which converted a 
portion of the radium sulfate into radium carbonate, and this was leached 
out with dilute hydrochloric acid. After repeating this process several 
times, practically all of the radium was leached from the residue, and the 
acid leaches were combined. Barium sulfate was then precipitated in 
the acid solution in the ordinary manner, and in this way the radium was 
obtained as a concentrate with the barium sulfate. 

A somewhat similar treatment is given to the ores from Olary, South 
Australia, by the Radcliffe process. The main uranium mineral is 
carnotite, but this is associated with considerable quantities of ilmenite 
and other rare-earth minerals that are not found in American carnotite. 
The concentrates are mixed with three times their weight of salt-cake, 
and fused in a reverberatory furnace; the fused product is then crushed 
and agitated in wooden vats, with water. By suitable adjustments it is 
possible to separate on the bottom of the vats a considerable amount of 
comparatively coarse material that is almost free from radium and ura- 
nium. The turbid overflow carries in suspension the radium, lead, 
and barium, as sulfates, together with a considerable amount of finely 
divided silica. The overflow is pumped to large lead-lined tanks and 
allowed to stand all night. This is nothing but a sliming process and has 
the advantage that the radium in the form of sulfate always remains with 
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the fine material. The slimes settle completely in 12 hr. and are collected 
periodically and treated for the recovery of radium. 

The process of Schlundt, which is being used by one company in the 
United States in connection with carnotite, is very similar to the Rad- 
cliffe process. The ore is fused with acid sodium sulfate, leached and 
washed with water to extract the uranium, vanadium, and other soluble 
products, and the residue is slimed in order to obtain a crude concentra- 
tion of the radium, which stays with the fine material. 

The U. S. Bureau of Min es has found that if a radium-barium sulfate 
high in silica is fused with caustic soda containing a small quantity of 
sodium carbonate, the silica can be easily washed out as sodium silicate, 
while the barium and radium remain behind as radium-barium carbon- 
ates, which can be readily dissolved in hydrochloric acid. Usually the 
commercial caustic soda contains enough carbonate without the addition 
of an extra amount. This method has been applied commercially to the 
treatment of crude concentrates, such as are obtained by the Schlundt 
process. 

One firm has used a sodium carbonate fusion. The ore is fused with 
soda ash, usually about 23 >'^ times the weight of the ore being required. 
This is done in a reverberatory furnace, lined with magnesite brick, and 
the fused mass is run directly into vats, in which it is leached. The silica 
is thus converted into sodium silicate and so passes into solution, together 
with the uranium and vanadium. The iron, calcium, barium, radium, 
etc., remain as the insoluble residue, which is washed in filter presses. 
This material is then treated with dilute sulfate-free hydrochloric acid, 
which dissolves the carbonates, and the radium and barium are precipi- 
tated by the addition of the requisite amount of sulfuric acid, or sodium 
sulfate. The whole is allowed to stand in settling tanks and the clear 
liquid is drawn off, leaving the barium-radium sulfates, mixed with a 
considerable amount of silica and other impurities, as a sludge at the 
bottom of the tank. This is taken off without previous filtration, and 
dried, forming a crude radium-barium sulfate, which is then refined. 

The main advantages of this method are that it will treat an ore 
containing considerable quantities of sulfates, as the process removes the 
sulfates as soluble sodium sulfate in a similar manner to the alkaline leach 
method. In addition, it is applicable to the treatment of concentrates, 
as fineness of material is really an advantage instead of a disadvantage, 
as it does not involve any “sliming.” The main disadvantage is the 
cost, both for the chemicals and the labor required. The concentrate 
obtained is also low-grade, which involves additional refining costs. 

3. Add Leach Methods 

Leaching with hydrochloric acid gives an excellent extraction, provided 
the ore is comparatively free from sulfates. As a considerable proper- 
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tion of such ores contain traces of gypsum, it is a method which must be 
used on selected ores. A hydrochloric acid leach has been used success- 
fully on Cornish pitchblende, which is practically free from pyrite, but is 
not applicable in any way to American pitchblende, which contains con- 
siderable quantities of pyrite. It has also been used on Portugese 
autunite. In general, the hydrochloric method is applicable to certain 
ores, but has a limited use. 

Leaching with nitric acid has been used more successfully. This is the 
method originated by the U. S. Bureau of Mines® and used in the plant of 
the National Radium Institute. As is generally known, barium sulfate 
is much more soluble in nitric acid than in hydrochloric acid, and this is 
especially true when the nitric acid is concentrated and hot. For this 
reason, ores containing sulfates can be successfully treated by a 
nitric acid leach, and the method has been successfully applied to ores 
carrying as much as 1 per cent, gypsum. On ores carrying small quanti- 
ties of sulfates, the extraction obtained is very high, frequently going, 
on a commercial scale, to 93 and even to 95 per cent. Boiling, 40-per 
cent, nitric acid is used, and filtration is obtained on either a vacuum or a 
pressure filter. Filtration must be done rapidly, because, as the acid cools, 
the radium has a tendency to precipitate out, especially in the presence of 
sulfates. During the process of recovering uranium and vanadium by 
this method, practically nothing but sodium hydroxide and sodium 
carbonate are added to the nitric acid. Consequently, sodium nitrate is 
obtained as the final product after the precipitation of the radium, uranium, 
and vanadium; and this sodium nitrate is recovered by evaporation and 
crystallization and used over again for the manufacture of nitric acid in 
the ordinary way. The average losses of nitric acid were about 15 per 
cent., so that 85 per cent, of the acid used was recovered as sodium nitrate. 
This actually reduced the cost of the nitric acid* below that of hydro- 
chloric, and this, together with the high extraction of the radium 
obtained, was largely responsible for the low cost of the recovered radium 
and the success of the method. 

The process cannot treat successfully ores carrying as large quantities 
of gypsum as can be treated by some of the other methods, such as the 
sodium carbonate fusion, but it is applicable to a very large percentage of 
the carnotite ore produced. Diflaculty was experienced in treating 
concentrates, most of which are below 150 mesh. As already stated, 
it has been necessary to filter rapidly in order to get a good extraction; 
and the problem of filtering a 40-per cent., boiling nitric solution, contain- 
ing fine material in suspension, was found to be difficult. It was finally 
overcome by the development and use of a pressure filter instead of a 

* Charles L. Parsons, R. B. Moore, S. C. Lind, and O. C. Schaefer: Extraction and 
Recovery of Radium, Uranium, and Vanadium from Carnotite. U. S. Bureau of 
Mines, Bulletin No. 104 (1915). 

VOL. LX.— 46 . 
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suction filter; this consisted of a steel shell containing an earthenware 
filter set in concrete. The earthenware filter had at its bottom, as filter- 
ing medium, a plate of either filtros or alundum. The steel top was made 
tight with swing bolts, and a pressure of 100 lb. was applied. 

Refining 

The radium-barium sulfate concentrate obtained in a satisfactory 
metallurgical process should carry about 1 mg. of radium element 
per kilogram of concentrate, a ratio of one to a million. The next step is 
to get this concentrate back into solution. The most successful method is 
to reduce the sulfate with about one-sixth its weight of pulverized char- 
coal in a furnace at a temperature from 800° to 900° C. In the presence 
of silica, the reduction takes place slowly and is not complete; but if the 
sulfate does not contain more than from 5 to 10 per cent, silica, the reduc- 
tion may reach 90 per cent, or more. The radium-barium sulfides are 
then dissolved in sulfate-free hydrochloric acid, and filtered. From this 
stage on, the refining process is simply one of fractional crystallization. 
Radium chloride and bromide are less soluble than the corresponding 
barium salts; the crystals first obtained on evaporation are therefore 
richer in radium than the mother liquor from which they are obtained. 
The difference in solubility of the bromides is considerably greater than 
that of chlorides; at some stage in the process, all of the chloride salts are 
converted into bromides, after which fractionation is continued as bromide, 
in hydrobromic acid solution. The factor of separation is higher in acid 
than in neutral solution; it is customary, therefore, to fractionate both 
chlorides and bromides in acid solution. Full details of the methods 
of fractionation are given in U. S, Bureau of Mines Bulletin No. 104.® 

Methods of Obe Concentkation 

Both wet and dry methods of concentration may be used for carnotite 
ores. The wet method simply involves crushing the ore and agitating 
with water in a manner that will best separate the fine-grained particles 
of carnotite from the coarser silica particles. After allowing to settle, the 
fine material can be slimed off and run into settling tanks, while the coarser 
tailings are re-treated with water. The only successful method of dry 
concentration that has so far been used has involved the Raymond pulver- 
izer and dust collecting system. The National Radium Institute built 
a small plant near the claims it was working in Long Park, Colo., and 
gave the method a thorough testing, with excellent results.^® The 

® Op. cit. 

KarlL. Kithil and John A. Davis: Mining and Concentration of Carnotite Ores. 
U. S. Bureau of Mines, Bulletin No. 103 (1917). 
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capacity of the m i l l was a little over one ton of milling ore an hour; and the 
average output was 365 lb. of concentrate an hour. The milling ore had 
an average content of 0.85 per cent. UaOg; the average of all concentrates 
was 2.92 per cent. UsOg; the tailings averaged 0.3 per cent.; the ratio 
of concentration was about 6 to 1. As much as 63.7 per cent, of the 
carnotite contained in the milling ore was extracted, and 60 per cent, 
of all the carnotite in this ore was actually recovered in the concentrates. 

Future Supply of Ore 

It is difficult to estimate the exact amount of radium in existence at 
the present time; probably it is somewhere around 3 oz. of radium ele- 
ment. On account of the great scientific interest attached to radium, and 
on account of its use in the war and in medicine, the permanency of the ore 
supply is an important question . Considerably more than half the amount 
of radium now in existence has come from Colorado and Utah carnotite 
ores. Six years ago, the engineers of the Bureau of Mines estimated that, 
at the current rate of production, the deposits might last, commercially, 
10 or 12 years. At the present time, it is very difficult to obtain ore. 
Most of the deposits are owned by five operating radium companies. 
The production has increased very greatly during the war; and the author 
is very doubtful whether we can depend upon our carnotite deposits to 
yield commercial quantities of ore for more than 6 or 7 years longer. It 
is his judgment that the fields will not produce more than 100 additional 
grams of radium element at the most — ^if that much. This would about 
double the world^s present supply; but, on account of the large use of 
radium in cancer treatment, such an amount, although large scientifically, 
would be small in proportion to the probable demand. 


Table 3. — Radium Production from American Carnotite 


Year 

Tons UaOs 

Tons U 

Grains Ra 
Contained 

Grams Ra Recovered. 
(75% Basis) 

1912 

28.8 

24.4 

7.4 

5.5 

1913 

41.0 

34.8 

10.5 

7.9 

1914 * 

87.2 

74.0 

22.5 

16.9 

1915 

1916 (a) 

23.5 

19.9 

6.0 

4.5 

1917 ' 

70.0 

59.3 

18 0 

i 

13.6 


la) Official statistics are not available for 1916 . 


Uses of Radium 

The use of radium in cancer research has extended over a period of 
several years. Some vei:y remarkable results have been obtained, es- 
pecially recently in the treatment of certain forms of cancer. A large 
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number of permanent cures have been effected ; and whereas the medical 
fraternity was skeptical at first, a great deal of the opposition has been 
overcome, and several of the largest and most prominent hospitals in the 
country are now supplied with considerable quantities of radium for 
cancer treatment. A word of warning must be given in this connection. 
The successful use of radioactive waters and low-grade radium prepara- 
tions is doubtful and should be carefully distinguished from the successful 
results obtained with considerable quantities of high-grade radium salts. 
Naturally, there have been some attempts to foist on the public, at a high 
price, low-grade preparations, the value of which is, to say the least, very 
uncertain. 

The chief technical use for radium is in connection with permanently 
luminous paint. If radium salts are mixed with phosphorescent zinc 
sulfide, a product is obtained which is permanently luminous in the dark 
without previous exposure to light. The zinc sulfide must be specially 
prepared and usually contains traces of impurities, such as copper, 
manganese, etc. Just what relation exists between these impurities and 
the peculiar properties of the zinc sulfide is not known, although experi- 
mental work is now being done to determine it. The luminous paint 
usually carries from 0.1 to 0.25 mg. of radium element to 1 gm. of 
zinc sulfide, depending upon the particular use of the paint. 

This material is now being largely used on the faces of watches and 
clocks; to coat electric light push-buttons and the chains attached to 
electric globes; and for various other purposes. It is a great pity that 
our supply of radium is being disseminated in this manner. But as the 
physicians and surgeons of the country are not purchasing enough 
radium to make the industry a financial success, it is natural that the 
manufacturers should take other means of creating a demand. The day 
is not far distant, in the judgment of the writer, when we shall greatly 
regret the radium that has been lost in this way. 

Radium has a most decided war use at the present time; nine 
instruments used on airplanes have dials made luminous with radium 
paint; it is employed in the same manner for compasses and gunsights. 
The efficiency of night firing, with both machine guns and artillery, 
has been greatly increased by the use of these luminous sights. Other 
uses cannot be specified, at the present time, in a public paper. 

Mesothobium as a Substitute for Radium 

One way of preventing the dissemination and loss of radium is to 
provide a substitute. Mesothorium (see Table 2) is an excellent sub- 
stitute in many ways. Its half-life period is much shorter than that of 
radium. When first prepared, it gradually increases in activity, comes 
to a maximum, and then begins to lose its activity. After ripening'^ 
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for about a year after being prepared, it can be used for luminous paint 
just as efficiently as radium. Its usefulness for such purpose will last 
for 4 or 5 years, which is as long as is required for cheap watches, 
push-buttons, etc. Mesothorium can be obtained as a byproduct in 
the treatment of monazite sand for the manufacture of thorium nitrate 
used in incandescent mantles. During the last year, the U. S. Bureau 
of Mines has been experimenting along these lines and has developed a 
process which is being put into the largest thorium plant in the country 
at the present time, and it is hoped that before long mesothorium can be 
substituted for some of the radium that is now being used in luminous 
products. Mesothorium can also be used for cancer treatment, although 
its short life makes it much less desirable for this purpose than radium. 

DISCUSSION 

W. A. ScHLEsiNGER,* Denver, Colo. — Two problems are of great 
interest to the radium manufacturer at the present time: The first is to 
perfect a process, more efficient and more economical, which is capable 
of treating a greater variety of ores. Practically all the radium now 
manufactured in the United States is extracted from carnotite ores and 
these vary a great deal according to their location. The amount of sul- 
fates contained in the ore is of particular importance, and any straight 
acid-leaching method, such as developed by the Bureau of Mines, becomes 
prohibitive when the ore contains more than 0.5 per cent, of sulfates, 
as the sulfates go into solution and naturally precipitate the radium 
as insoluble radium sulfate. Since the amount of ore obtained from 
any one claim is usually comparatively small, it is necessary to work 
a number of claims in different localities, and a process, in order to be 
commercially satisfactory, should handle all of these ores. In other 
words, it would be entirely unprofitable for radium manufacturers 
to employ any process which cannot treat any but sulfate-free ores. 
He must deal with carnotite containing appreciable amounts of sulfates, 
and must be able to work this in with the other ores. Carbonaceous 
ores from certain sections in Utah, which are known to contain as much as 
10 per cent, and more of volatile matters, are prone to a nitric acid- 
leaching process. 

The second problem relates to the treatment of concentrates. There 
is no doubt that a very large amount of low-grade ore, containing less 
than 0.75 per cent, uranium oxide, is available,. It has been demonstrated 
that these ores can be concentrated, but there is still room for research 
work to develop a process that will efficiently Mndle such concentrates. 
The straight acid-leaching method, if used with concentrates, is con- 

♦ The Radium Company of Colorado, Inc. (Formerly The Schlesinger Radium 
Co.) 
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fronted by difBculties in filtering. The concentrates are naturally very 
fine, and when leached with acid will easily clog the filtering medium. 

It was suggested that, by mixing concentrates with straight ore ground 
to 20 mesh, one could overcome the filtering difficulties, with a straight 
acid-leaching method on sulfate-free ores, by the use of pressure filters, 
and obtain an extraction of approximately 75 per cent. If, however, 
this method gives an extraction of 95 per cent, on the straight ore alone, 
and if by mixing with 25 per cent, of concentrates the combined extraction 
is reduced to 75 per cent., no advantage is gained by this procedure. 

A considerable amount of radium has lately been used in the manu- 
facture of self-luminous compounds, consisting of specially prepared zinc 
sulfide mixed with varying amounts of radium. The powder is then, 
with the help of a suitable varnish, made into a paint and applied with a 
brush. The character of the varnish varies according to the use to which 
one wishes to put the paint, and whether or not the paint has to withstand 
the action of alcohol, glycerine, or water. We have applied self-luminous 
radium preparations to over half a million Government instruments 
since the outbreak of the war. Units for luminosity measurements have 
also been developed, and the luminosity of these paints is now being 
measured in micro-lamberts, which are a fraction of a candle power. 

The suggested use of mesothorium is very interesting, but little has 
been published and few experiments have been made in this country to 
show whether mesothorium is as efficient as radium when mixed with 
zinc sulfide for luminous paint. Experimental data should be collected 
to show the rate of deterioration of zinc sulfide when mixed with 
mesothorium. 

I do not think a shortage of radium will occur for years to come, 
especially in view of the low-grade deposits. The amount of radium 
used for luminous paints, even now, is comparatively small; probably 
500 milligrams is being used every month for the manufacture of luminous 
paint for war purposes in this country. 

R. B. Moore. — It would, of course, be an excellent thing if we could 
have one process, as suggested by Dr. Schlesinger, that would be equally 
efficient in connection with all types of carnotite ore. This, however, 
is almost too much to ask as the radium ores are just as varied in char- 
acter as are copper ores, and we do not expect any process for the re- 
covery of copper to be equally efficient on all types of ore. 

I have been asked to say a few words about Dr. Douglas in his connec- 
tion with radium. The radium I have showed you was some which was 
produced by the National Radium Institute, in which Dr. Douglas was 
greatly interested; in fact, he was one of those who financed that organ- 
ization. He did this mainly for two reasons: first, as a philanthropic 
object for the alleviation of suffering from cancer, and secondly, because 
of his interest in scientific and technical progress of all kinds. 
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At that time the extraction of radium from ores had been only slightly 
investigated; practically nothing was known about it in this country. 
All of the radium he obtained as his share in the operations went to the 
Memorial Hospital, in New York, and is still there as a gift to the 
Hospital. Dr. Douglas, therefore, accomplished the two objects he had 
in mind — ^he helped to make possible a study of the technical methods 
of extraction and at the same time gave his share of the radium obtained 
for research work in cancer treatment. 
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Biographical Notice of James Douglas 

BY EOSSITBR W. KAYMOND 

It is scarcely necessary to augment or amend the “Appreciation^^ 
of Dr. Douglas, from the pen of Dr. Albert A. Ledoux, which appeared 
in January, 1916, in Bulletin No. 109 of the Institute. The author of 
that admirable summary enjoyed the great privilege of expressing while 
Dr. Douglas was yet among us (though already marked for death) 
the love and esteem with which we all regarded him. But now that his 
earthly life has ended, the historian must still be the eulogist. No line 
need be added or deleted in the portrait of him already drawn; 
it has only to be accepted now as a true likeness, and hung in the gallery 
of the immortals, illuminated by the crowning glory of another world. 

James Douglas was born at Quebec, Canada, November 4, 1837. 
His father, James Douglas, was a distinguished physician and surgeon, 
known in many lands, especially in the Orient, and famous in his own 
country for his philanthropy as well as his skill, having established and 
directed for many years the first retreat for the insane in the Dominion 
of Canada. 

One of the latest literary labors of the son was the editing and publish- 
ing of his father^s journal and reminiscences — a fascinating volume, 
the review of which, though a tempting task, I must here forego. Nearly 
fifty years ago, I had the great pleasure of spending an hour with the elder 
Douglas, who guided me through his collection of Egyptian and Asiatic 
treasures. I might almost say souvenirs; so many of them were con- 
nected with personal experiences and exalted personages. The veteran’s 
memory had already begun to fail with age, but his vivacity and imagi- 
nation glowed all the more brightly; and his reminiscences of travel 
and adventure were embroidered with Oriental magnificence. I felt, 
after that hour, as if I had visited a stately, half-ruined edifice, overgrown 
with vines and flowers. 

The father’s genius, adventurous spirit and generous philanthropy 
descended to his versatile, yet practical son. Like other men of such tem- 
perament, James Douglas tried many things before circumstances beyond 
his own control forced him into the line of his principal lifework. At the 
age of 18, he was sent to the University of Edinburgh, where he studied 
for two years. Returning to Canada, he entered Queen’s University, 
at Kingston, Ontario, where he was graduated as Bachelor of Arts in 
1858. Subsequently he studied medicine at Laval University, Quebec; 
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‘and it was doubtless during this period that he assisted his father in the 
management of the Quebec lunatic asylum; and also traveled extensively 
with him in Europe and the East. In connection with his study of medi- 
cine at Laval University he became interested in chemistry, which he 
afterward taught for several years at Morrin College, Quebec. No 
doubt his excursion in this direction was initiated by his acquaintance 
with a man who was destined to have a decisive influence upon his future 
career, namely, Thomas Sterry Hunt, at that time about 33 years old, 
who was lecturing on chemistry in the French language at Laval. Hunt's 
prodigious intellectual activity, keen insight into the facts and laws of 
nature, and fierce enthusiasm in the pursuit of scientific truth (qualities 
evident enough in later years, but doubtless supereminent in his youthful 
prime) must have affected profoundly a mind like that of Douglas. 
The two became close friends and in after years business partners. 
Yet meanwhile their paths were widely sundered. Hunt continued his 
brilliant career as chemist and geologist, on the Canada Geological Sur- 
vey, in the faculty of McGill University, on the juries of successive 
international expositions, as the recipient of sundry honorary degrees 
and decorations, as prolific author of notable scientific papers, and finally 
as Professor of Geology in the Massachusetts Institute of Technology, 
and one of the most active promoters and officers of the American In- 
stitute of Mining Engineers. Douglas, meanwhile, returned to Edin- 
burgh, to continue the study of medicine — choosing, however, this time 
the more scientific branch of surgery — and pursuing as an avocation at 
the same time a course on theology, which he carried so far as to receive 
a license to preach. It is permissible to conjecture that he prophetically 
foresaw the type of spiritual leader who ministers to both soul and body 
a type more fully developed nowadays in the medical missionary, 
and furnishing for Douglas a welcome compromise, or rather combination, 
of activities, satisfying at once his love of science and his love of men. 
But his professional plans were cut short by the pecuniary embarrass- 
ments of his father, who had made unfortunate investments in mining 
schemes. To assist him, the younger Douglas returned to Canada, about 
1871. 

The investments referred to were in the Harvey Hill copper mines 
in Quebec, the 2-per cent, copper ores of which could not be economically 
treated at that time by any known process. Douglas was doubtless 
familiar with the researches of Sterry Hunt on the reactions between 
cupric oxide, sulfur dioxide, etc., and had recourse to his old friend in 
this emergency. Together they worked out the famous Hunt and Doug- 
las process, the original form of which was described by Hunt as follows:^ 

1 T. Sterry Hunt: Remarks on the Hunt and Douglas Copper Process. Tram. 
( 1871 - 73 ) 1 , 258 . 
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The essential principle of this new process * * * * is the dissolving of the oxides 
of copper by a hot solution of protocbloride of iron and common salt. In the action 
which takes place, the protocbloride of iron is converted into peroxide, while the 
oxides of copper are changed to protocbloride and dichloride, the latter of which, 
though insoluble in water, is readily soluble in a hot, strong brine. From the solution 
thus obtained, metallic iron throws down the copper in a metallic state, regenerating 
the protochloride of iron, which is then ready for the treatment of a fresh portion of 
oxidized copper ore. 

The obvious ingenuity and beauty of this process made it very attract- 
ive to metallurgists; and for a time it was believed that the treatment of 
2-per cent, copper ores had been made economically practicable in this 
way. It would be easy but tedious to enumerate here the many practical 
and commercial difficulties which have proved, so far, insurmountable 
by such methods. In 1893, Douglas himself wrote 

There has been, however, but little patronage extended to wet copper-methods, 
mainly because we do not possess, within accessible reach of the chemical centers, 
any large bodies of cupriferous pyrites, whose residues, after the extraction of sulphur 
and copper, would possess value as an iron-ore. The treatment of the low-grade 
oxidized ores of the Southwest is awaiting realization. In the past, various attempts 
have been made to employ old and new wet methods; but none has proved com- 
mercially successful, nor has any survived until to-day. 

In 1875, Mr. Douglas came to the United States as Superintendent of 
the Chemical Copper Co., of Phoenixville, Pa., which treated copper ores 
and pyritic cinders, and also melted and refined base metal. A variety 
of the Hunt and Douglas process was employed for extraction. It was 
a small plant, and ill-supplied with capital. I remember examining it 
while Douglas was in charge, and admiring the courage with which he 
struggled against technical difficulties, and the ingenuity with which 
he devised substitutes for expensive apparatus. It was an up-hill busi- 
ness, and after some years of strenuous endeavor, the plant was destroyed 
by fire. But the discipline of the long contest had made a strong man of 
Douglas, while his business relations had brought him into contact with 
many who could not fail to be impressed by his ability and integrity. 
For some years after the failure of the Phoenixville enterprise, he was 
without fixed employment, though he did some important consulting 
work, visiting Montana, Colorado and other mining districts. Concern- 
ing the stroke of well earned ‘‘good luck’^ which placed him on the 
straight road to fame and fortune, I cannot do better than quote the story 
as told by Dr. Ledoux: 

An accident brought him into contact with the old metal house of Phelps, Dodge 
& Co. When the Copper Queen mine was opened by Martin and Reilly, the first 


2 James Douglas: Summary of American Improvements and Inventions in Ore- 
crushing and Concentration, and in the Metallurgy of Copper, Lead, Gold, Silver, 
Nickel, Aluminum, Zinc, Mercury, Antimony and Tin. Trans. (1893) 22, 321 
(Chicago meeting, 1893, being part of the International Engineering Congress). 
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carloads of copper bars were sent to Phoenixville to be refined by Dr. Douglas’s 
works. He bad been introduced to Mr. William E. Dodge and had been retained 
to report on the Detroit Copper Company’s mines in Arizona. This firm was con- 
servative in the extreme and, while very large sellers of metals,' had but recently 
entered into the mining field, considering mining somewhat of a gambling venture. 
Urged by an acquaintance, they had taken an option on the former Copper Queen — 
the original of the name — ^in Arizona, and engaged Dr. Douglas to examine it. They 
agreed to pay his expenses and to furnish him with a certain sum of money with which 
to test the property, promising that if they took it over on his recommendation, 
they would place the management in his hands and give him an interest. 

The world knows to what great heights Phelps, Dodge & Co. have attained in 
the mining business. Dr. Douglas, upon the incorporation of the firm, became its 
President. The writer feels sure that those who have succeeded to the control of 
this corporation after the deaths of Messrs. William E. Dodge, Senior and Junior, 
and of Mr. D. Willis James, will not resent the statement that, in the writer’s opinion, 
Dr. Douglas supplied the imagination necessary in all great enterprises, while they 
supplied the money and equally important careful business management. 

The product of the smelter at Bisbee was hauled several miles to the railroad by 
mules. He put in the first traction engines employed in the Southwest. This method 
becoming too slow, he built the railroad from Bisbee to Fairbanks, the junction with 
the Southern Pacific. When the product of the Copper Queen became too great to 
handle economically at Bisbee, it was his idea to establish at Douglas the beginning 
of the great smelting plant which today is second to none — if not in capacity, at 
least in well thought-out installation and correlation of its parts; in efficiency and 
economy in management. 

Looking further ahead than the life of the Copper Queen, it was Dr. Douglas who 
suggested the taking over of adjoining properties in the Bisbee camp, and the agree- 
ment to disregard the law of the apex and questions of extra-lateral right, so there has 
been no litigation at Bisbee from these fertile sources of trouble in most mining 
camps. 

It was Dr. Douglas again, when fuel became expensive and irregular in delivery, 
who suggested the organizing of a coal company to supply their own needs and to 
enable them to sell coal and coke to others without paying tribute in high freights to 
the railroad. Again, it was his suggestion that their railroad should be extended to 
El Paso, and that branch lines should be built into Mexico, where, on his initiative, 
Phelps, Dodge & Co. had already secured important producing mines, destined to 
add a very considerable tonnage to their output of copper. 

In 1875, the year when Douglas came to Phoenixville, he was elected 
a member of this Institute, and in June, 1876, he entertained at his 
works a visiting party of its members. Already, thus early in his career, 
he manifested the quality which was afterward so characteristic of 
him — a great willingness to communicate, as well as to receive, the results 
of discovery and practice. The Institute, founded to promote this 
open interchange of professional knowledge, appealed peculiarly to his 
mind, which disdained to harbor secrets. Through the five years in which 
he bravely fought at Phoenixville a losing fight, he remained in the Insti- 
tute; but when that enterprise had failed, and he was obliged to begin 
again somewhere else, he resigned his membership, the annual expense of 
which he could not conscientiously afford. But after professional 
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recognition and business success had returned to him, he secured rein- 
statement in that relationship and thenceforth unto the end was in every 
way a loyal, potent and munificent supporter of the Institute. I men- 
tion this episode of his temporary retirement, because it was influential 
in the history of the Institute itself. For years after Dr. Douglas had be- 
come a leader in its management (he was Vice-president in 1897—8, Presi- 
dent in 1899-1900, Director from 1905 to 1913, Honorary Member from 
1906, and Vice-president of the Board of Directors from 1906 to 1911) 
he was a strong opponent of the increase of annual dues. Even after 
the acceptance by the Institute of Mr. Carnegie gift (involving a heavy 
land-debt), he was not willing to meet additional expenses in that way. 
‘^I remember, he used to say, '"when even ten dollars a year was too 
great a burden for me; and I will not vote to lay a heavier load upon 
young American engineers.’^ I promised, as Secretary, to take care of 
all office expenses out of the annual dues as they stood; and that promise 
was kept. But it was not possible to make payments also upon the land- 
debt; and we proposed to pay that by subscription. This is, indeed, 
what was finally done; and, without disparaging the liberality of other 
subscribers, it must be said that the early success of the movement, which 
paid the whole debt ($180,000 and interest) ten years before the final 
payment was due under the terms of the mortgage, was chiefly the work 
of James Douglas. It is true, that after this achievement, the Institute 
was unable to meet its running expenses without raising the dues to $12, 
and Mr. Douglas was beaten on that point, after all. But the whole 
story shines with his generous and sympathetic courage. 

One day, in a private talk over Institute affairs, I would have cau- 
tioned him against a too reckless giving away of his money; but he cut 
me short by saying, ^^This year, for the first time in my life, I have what 
I may call a large — really, Raymond, a very large — income; and I mean 
to get some pleasure out of it!” 

At the time when Phelps, Dodge & Co. became a corporation, the 
members of the firm set aside $10,000 as a gift to Dr. Douglas, in recog- 
nition of his past services. But under his earnest persuasion, they gave 
the money to the Institute land-fund instead, in addition to their earlier 
subscription of some thousands of dollars. He was himself also at that 
time already a large subscriber. 

This does not exhaust the list of his benefactions to the Institute. 
After the land-fund had been completed, he gave $100,000 to the Library; 
and it is reported in the newspapers that he left to the same object $100,- 
000 more in his will. 

Dr. Douglas’s contributions to our Transactions are shown in the 
following table: 
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PAPERS 

Title Vol, Page Year 

The Copper Resources of the United States xix 678 1890 

Biographical Notice of Thomas Sterry Hunt xxi 400 1892 

Summary of American Improvements and Inventions in 
Ore-crushing and Concentration, and in the Metallurgy 
of Copper, Lead, Gold, Silver, Nickel, Aluminum, Zinc, 

Mercury, Antimony and Tin xxii 321 1893 

Note on the Operation of a Light Mineral Railroad xxviii 600 1898 

Notes on the Stockholm Exposition and the Iron and Steel 

Trade of Sweden xxviii 101 1898 

American Transcontinental Lines xxix 782 1899 

The Characteristics and Conditions of the Technical 

Progress of the Nineteenth Century xxix 648 1899 

The Copper Queen Mine, Arizona xxix 511 1899 

Biographical Notice of William Earl Dodge xxxiv 413 1903 

Secrecy in the Arts xxxviii 455 1907 

Conservation of Natural Resources xl 419 1909 


DISCUSSIONS 

Summary of American Improvements and Inventions in 
Ore-crushing and Concentration, and in the Metal- 
lurgy of Copper, Lead, Gold, Silver, Nickel, Aluminum, 


Zinc, Mercury, Antimony and Tin xxii 647 1893 

Stockholm Exposition and the Iron and Steel Trade of 

Sweden xxviii 813 1898 

The Copper Queen Mine, Arizona xxix 1056 1899 

Corrosion of Water-jackets of Copper Blast Furnaces . . . xxxviii 879 1907 

Coal-briquette Plant at Bankhead, Alberta, Canada xxxix 894 1908 

Conservation of Natural Resources xl 878 1909 


Besides these professional papers, and many of the same class read 
before other technical societies. Dr. Douglas published the following 
books: 

Canadian Independence j Annexation and Imperial Federation. 

Old France in the New World, 

New England and New France. 

Journal and Reminiscences of James Douglas, M.D., Edited by his son. 

He received the degree of LL.D. from both Queen^s University (of 
which he was Chancellor when he died) and McGill University, of which 
he had been a trustee for many years. In 1906, the gold medal of the 
Institution of Mining and Metallurgy of Great Britain, and in 1916 the 
John Fritz gold medal, were awarded to him. In 1906, as already men- 
tioned, he was elected an Honorary Member of this Institute, and in 1907 
the same title was conferred upon him by the Mining and Metallurgical 
Society of America. He was a member of the American Philosophical 
Society, the American Geographical Society, the Society of Arts, of 
London, the Iron and Steel Institute, and other learned and professional 
bodies. 
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Besides his munificence toward this Institute, Dr. Douglas was a 
liberal benefactor of many good causes and institutions and of innumer- 
able individuals. A few instances only can be mentioned here. A much 
larger number will never be publicly known. In addition to his generous 
gifts during his life, he bequeathed $100,000 to the American Museum 
of Natural History, $100,000 to this Institute, $100,000 to the General 
Hospital at Kingston, Canada, and $50,000 to McGill University, be- 
sides legacies to many employees. 

In short, he lived long enough ro realize the purpose of his life, and to 
^'get some pleasure out of it.'^ 

Dr. Douglas in 1860 married Miss Naomi Douglas, daughter of Cap- 
tain Walter Douglas, of Quebec, who survives him, together with two 
sons and two daughters: Major James F. Douglas, developer of the 
United Verde Extension Mine, who is now serving in France; Walter 
Douglas, who succeeded his father as President of the Phelps-Dodge 
Corporation; Mrs. Edith M. Douglas, wife of Archibald Douglas, a 
New York lawyer of extensive mining interests; and Miss Elizabeth 
Douglas. 

Good-by for a while, James Douglas! — unwearied worker, courageous 
leader, wise counsellor, glad giver, faithful lover and friend — Douglas, 
Douglas, tender and true!^^ 
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Biographical Notice of Edward Dyer Peters* 

Edward Dyer Peters, the only child of Henry Hunter Peters and 
Susan Barker Thaxter, was born in Dorchester, Mass., June 1, 1849. 
From his father he was a descendant of the Peters family of Ipswich 
and Andover, Mass., whose earliest ancestor settled in Essex County in 
1659; while upon his mother’s side he descended from several old Hingham 
families, as well as from the Quincys and from Governor Bradford. 

Between the ages of fourteen and sixteen he was a student at the 
Episcopal School for boys in Cheshire, Conn. Near the school was 
an old tin mine, and he used to spend his Saturday afternoons exploring it. 

When Edward was sixteen, his father sold his property in South- 
borough, and for the next three years lived in Europe. Sept. 26, 1865, 
Edward entered the Royal School of Mines at Freiberg, Saxony. 

In the summer of 1867 he joined his family on Lake Geneva, and 
spent a part of the season in that vicinity, going to Chamounix and 
taking other trips. Extract from a letter to his father: 

Elhingerode, Harz, Aug. 30, 1868: I left Freiberg with my friend Lilienthal, on 
Wednesday, the 19th of August, reached Leipzig in the evening and spent the night in 
that city : the next morning we took the cars and in the afternoon reached Eisleben, 
in Prussia, which was to be our first stopping-place ; there are immense copper-mines and 
smelting -works at this place, and the method of working the mines is very peculiar 
.... The next morning we got up at five and spent the whole day in the smelting- 
works where I obtained a number of drawings of the furnaces they use here and a good 
many valuable data. Saturday morning we got up at four o’clock, and descended a mine 
about three miles from the town; the Director of this mine was one of the most intelli- 
gent and agreeable men that I ever met; he accompanied us in the mine and explained 
everything that was new to us. The system of mining at Eisleben is peculiar to this 
town, and is not used at any other place in the world ; the copper ore comes in narrow, 
flat veins eighteen inches high, at the utmost, consequently the men work lying flat on 
their left side and using the pick with both hands: the ore is carried out of the side 
passages into the main ones, in very low waggons about twelve inches high, and four 
by two feet; the boys who pull these waggons have a board buckled to their left thigh 
and their left arm ; they pass their bare foot through a strap in the waggon and wriggle 
along on their side dragging the waggon after them, with their foot, almost as fast as a 
man can walk above ground. In the afternoon we walked over to Hittstadt, about 
twelve miles, and remained there Sunday and Monday. Monday night, at ten o’clock 
we went out to one of the smelting-works, to see the refining of the copper; this is only 
done at night, so we worked there from ten in the evening till eleven the next morning, 
and came home all blackened up and with blistered hands, for our skin was not quite 
so tough as that of the workmen : at noon the same day, we took the stage to Ascherls- 
leben, and then the train to Stassfurt, where there are immense salt-mines, as well as 
factories for the manufacture of bromium, which latter process is, however, kept a 
profound secret, so we had very little hope of seeing anything but the salt mines; we 
were talking with our landlord about our disappointment, that evening, when he told 
us that the director of the Bromium works was sitting in the next room with no com- 
pany but his glass of beer, so we went over to him, introduced ourselves as Americans, 
and actually succeeded in persuading him that it could do his business no earthly hurt 
if he showed us his works; at last he consented, after making us give our word of honor 


* This biography was prepared from the “ Biography'’ published by his sister, 
Mrs. Edward McClure Peters, in 1918. 
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not to divulge any of his secrets on this side of the water, and I now have, in my 
book, very accurate notes on the whole process. The next day we accomphshed a 
good deal; we descended two mines, visited the Bromium works, and succeeded in 
catching the last train for Ballinstadt, in Anhalt-Bernberg. IViday mormng we 
walked over to ^Victor's Hiitte,’ twelve miles, where there are very bad smemng- 
works, but a magnificant dressing of the ores for smelting; as this will certainly be a 
very important subject in the Territories, where fuel is so scarce, we devoted that 
afternoon and the whole of the next day to it; I fdled twenty-one pages of my note- 
book with sketches and measurements of the different machines in use at these works; 
they are all remarkably simple and cheap, but extremely practical; yesterday (Sat- 
urday) I made the longest walk that I have ever made in my life; we left Victor ^s 
Htitte^ at seven a.m. and reached this place at ten p.m., passing through the most 
beautiful portions of the Harz; our walk^ in a straight line, measures on the large map, 
thirty-one English miles, but counting in all the turnings and twistings of the paths 
that we took, must have been at least forty. We each carried a heavy knapsack, or 
rather satchel, and a shawl, and when we reached this place were pretty well knocked 
up, so I am not at all sorry that we are to rest to-day. So far our trip has been emi- 
nently successful, and I have learned a great deal and obtained a great many valuable 
drawings, etc., in a very short time.’^ 

During the latter part of his residence at Freiberg he was president 
of the Anglo-American club, then composed of about forty-two students, 
and in this capacity, he was the host at a dinner given by the club to 
the Crown Prince of Saxony. 

In the summer of 1869 he returned home, and in the fall of the same 
year he left for Colorado. For two or three years he was at Denver, 
Central City, Fairplay, Breckenridge, and Dudley. 

Extract from a Colorado paper 1870 or 1871: 

Middle Boulder: Silver Bullion Shipments. The first two shipments of 
silver from A. D. Breed’s new reduction works at Middle Boulder were made within 
the past five days. The first of these embraced four hundred pounds, and the last 
6,200 ounces of silver, in bars, the product of ore from the Caribou mine. The bullion 
has been forwarded to New York .... Under the skillful management of such 
competent millmen as Charles E. Sherman and E. D. Peters, this mill will henceforth 
be found all that could be desired and will take the lead in Colorado in the production 
of silver bullion. 

From another Colorado paper of a little later date (1872) : 

A Good Appointment: Edward D. Peters, a young man of rare abilities and ac- 
quirements, and who has few equals, theoretically or practically, in mining and milling, 
has been appointed and confirmed Territorial Assayer for the Southern District of 
Colorado, the ofl&ce being located at Fairplay, Park County. At present Mr. Peters 
is engaged at A. D. Breed’s Reduction Works, at Middle Boulder, as assayer. We 
congratulate him upon his appointment, and the people of the South in obtaining the 
services of so thorough and correct a metallurgist. 

His first contributions to the Engineering and Mining Journal were 
made at this time, while he was assayer at the first Caribou Silver Mill, 
in Boulder County, when he sent some brief notices, on milling results, 
to Dr. Raymond. 

Prom July, 1871, to March, 1872, he was superintendent and metal- 
lurgist of the largest silver mine in the country (the Caribou) — which 
position he resigned, having received an appointment in February, 1872, 
from the Governor of the Territory, as territorial assayer for the southern 
part of Colorado. In the fall of the same year he buOt the Mt. Lincoln 
smelting works; he writes from Dudley, February 1st, 1873. 

It is a beautiful winter^s morning and I can hardly realize that I am in the centre of 
the Rocky Mountains almost eleven thousand feet above you. My office is in a little 
flat, surrounded by thick pine forests, and just at the very foot of the highest peak 
in this whole range from British America to Mexico. The ground commences rising 
from my very doorstep, and in the coiuse of one eighth of a mile, becomes so steep, 
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that only the little Mexican jacks can be used to pack up provisions and supplies to our 
mines, which are situated almost on the summit of the highest peaks. As the snow 
lies some five feet in the timber on the mountain sides, even they are useless now, 
and are down on a rancho in the valley, some fifty miles from here, dying as fast as 
they can, from the epizootic. We have lost some forty in the last month, and all the 
horses have it so badly that we only get our mails from Denver every two or three 
weeks, brought up by bull-teams. The smelting-furnace, which I built last fall, and 
for which I imagine that I have the same sort of affection that a mother has for a pet 
child, is running finely, without any delays or drawbacks, and is building me up quite 
a reputation throughout the territory. When I came here I was simply ‘Professor' or 
‘Captain' (every man has a title out here you know). When the furnace started up 
successfully I was at once dubbed ‘Major' and since then have usually been adchessed 
as ‘Colonel.' I expect a Brevet Generalship shortly, as promotion is rapid in this 
country, but if I should ever make a failure it would not take long to degrade me to the 
ranks. However, I am not afraid of that. The ores are easily treated. There is a 
fascination in the business that I am engaged in that you will not appreciate. It is 
certainly a pleasant trade to take the muddy ore from the mines, to determine its 
exact value and pay for it, to put it through the different furnaces, and finally bring 
out the gold, silver, copper, and lead, and above all to have the products agree exactly 
with the amount that you promised beforehand. There is a touch of the old alchem- 
ist's mysteries about it which renders it always new and interesting, and one feels 
every day that he is not only adding to the material wealth of the world, but is also 
filling his own mind and pocket. 

In November, 1874, he returned to the East. Mining was at that 
time in a very low state; the ores in Colorado were supposed to be worked 
out, and Peters gave up aU hope of continuing in his chosen profession 
and entered Harvard Medical School, graduating thence in 1877, and 
being first in a class of one hundred and sixty; this gave him the degree 
of Doctor of Medicine, by which he was thereafter always known. 
He was the only medical graduate whose thesis was mentioned on the 
Commencement program of that year. He practiced medicine in Dor- 
chester from 1877 until 1880, then returned to his original profession. 

On Sept. 28, 1881, he married, in Dorchester, his cousin, Anna 
Quincy Cushing, the daughter of his mother’s sister and of Dr. Benjamin 
Cushing. 

For some years after this date Dr. Peters was associated with and 
originated some of the largest American copper and nickel smelting 
establishments. 

In the summer of 1881 he was employed by the Orford Nickel and 
Copper Company. 

In the summer of 1882 he was at the Ely mine, Vermont, as manager, 
and in November of the same year he returned to the Orford Nickel 
and Copper Company, being the first metallurgical manager of their 
works at Bergen Point, New Jersey. 

In 1882 and 1883 he made contributions on the metallurgy of copper 
to The Mineral Resources of the United States, and a little later contributed 
a series of papers to the Engineering and Mining Journal which in 1887 
were published in book form under the title of American Methods of 
Copper Smelting, his first and probably his most valuable and important 

work. . , 

In the fall of 1883 he was in Ansonia, Conn., with Mr. Franklm 
Farrell, of that town, and in the spring of 1884 he accompanied Mr. 
Farrell to Butte, Montana, where he erected the first successful concen- 
trating and smelting works of the Parrott Silver and Copper Company. 

In November of this year, 1884, he returned home, finding himself 
unable to face a winter in so cold a climate; he remained in Dorchester 
during the greater part of 1885, being engaged in some work in East 
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Boston, as well as in making drawings for the refining plant of the Calu- 
met and Hecla; these plans were, however, not used. - i , 

Early in the year of 1886, Dr. Peters, having for some time felt the 
need of country life, and desiring some occupation beside his profession, 
purchased a farm at Walpole, about fifteen miles out of Boston, where 
he began to raise ducks with distinct success, but which he was obliged 
to give up, within two or three years, on account of his many absences 
from home and of his wife^s health. 

From June, 1888, until the spring of 1890, he was connected with 
the Canadian Copper Company, at Sudbury, Ontario, as general manager, 
starting the first blast furnace in December, 1888, and the second one 
in September, 1889, for the production of nickel copper matte. 

During the following year or two he was engaged, principally, in 
writing, and in 1891 he published an extended, revised, and corrected 
edition of his first literary work, under the new title of Modern American 
Methods of Copper Smelting. 

Late in the year 1892 he received a cable requesting his presence 
in Tasmania, to report upon the Mt. Lyell mine, and to do some pre- 
liminary work there; this mine, of iron and copper, which with the ex- 
ception of the Rio Tinto mines in Spain, was the largest mine of its kind 
in the world, was situated in a most inaccessible locality, and required a 
long and fatiguing journey to reach. It was in great part owned by the 
members of the Great Broken Hill Mining Company, of Australia. 

Dr. Peters sailed from San Francisco in December, 1892, stopping 
at Honolulu, Samoa, and Auckland, and encountering a severe storm 
between the latter place and Sydney; this was one of the worst gales 
experienced in that locality in nearly twenty years, and injured a number 
of persons on the steamer; as the ship's surgeon had left at Auckland, 
Dr. Peters^ medical knowledge was of great use to him, and of considerable 
advantage to the many passengers who had received injuries. While in 
Melbourne he was treated with great consideration, being made an honor- 
ary member of all the clubs of consequence, and leading quite a gay 
life socially. 

In January, 1893, he started for Tasmania, landing at Launceston, 
going thence by train to Hobart, then by a small steamer to the western 
coast, taking a waggon from their landing place, Strahan, and finally 
riding the last thirty miles of the journey to the Mt. Lyell mine. 

‘^Mt. Lyell, Tasmania, Jan. 18, 1893. I am thirty miles from even an attempt at 
civilization; there is only a trail in here suitable — or rather unsuitable — ^for pack- 
animals; the mail comes in once a week, brought by a native on a mule, and though a 
telegraph-line runs through the bush, within a few miles of us, yet it does us no more 
good than if it were a clothes-line. This is just the uncivilized, uncomfortable, 
backwoodsy kind of place that I have * sworn off’ from going to, but what won’t we 
do for money? At any rate it is safe, there being neither wild beasts nor wild men in 
Tasmania. 

**Jan. 11. a. m. To-day we start to walk over the proposed line of railway that I 
may decide on its suitability. A long, hard, twenty mile walk, with no trail ; only the 
bush chopped out a little. The mail arrived unexpectedly last night ; I find all the 
local and even the Sydney and Melbourne papers, are devoting from half to two 
columns to my arrival, biography, etc., which latter they must get from old American 
journals, as I have po^sitively refused to speak either of myself or of my mission here, 
aiid have confined myself to speaking to the reporters, solely, about copper mines in 
the United States. ... 

“I may have to spend some months here, for their main object, after once telling 
them that it will pay, is to have me put up a small plant, and smelt, and worse stUl, 
refine, a thousand or two tons of the ore, so that they can show the people in England, 
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to whom they intend applying for capital, to build extensive works, that the process 
and method of treatment are already an established success. 

''May 22, 1893. ... I am all through at Mt. Lyell at last, and really feel 
badly to leave it and Schlapp the superintendent, and my Zeehan and Argenton 
friends, Beardsley, and Elburn and all; and my engineer-in-chief Cullen, and his three or 
four assistants, perhaps never to see any of them again — though the Company wants 
me to come out again and build and start the works, etc. Fortunately a winze which 
I started on a promising streak of ore, when I first came to the mine, has shown up 
such wonderful ore that two miners took out thirty thousand dollars in silver last 
week. 

After some stay in London, Dr. Peters went to Paris for the winter of 
1893 to 1894: he 'worked at the ficole des Mines preparing for a new 
edition of his work on copper smelting. On behalf of the Mt. Lyell 
company he visited the Rio Tinto mines in Spain in September, 1893, 
and later, the Mansfeld mines in Germany; as well as Freiberg in the 
spring of the following year. 

Dr. Peters spent much of the summer of 1894 in the Western United 
States on behalf of the Mt. Lyell company, as well as in getting data 
for the rewriting of the seventh and very much enlarged edition of his 
book, which was issued in 1895 under the title of Modern Copper Smelting. 

For some years thereafter. Dr. Peters was engaged in various mining 
enterprises, the most important of which was the opening of Las Es- 
peranzas coal mines in Mexico. 

Subsequent to his work in Mexico, Dr. Peters was in Missouri, — 
at the Cornwall copper mines, Ste. Genevieve, — and in Georgia. In 
1901 he made a short business trip to Europe, and that winter he delivered 
a course of lectures at the School of Mines, Columbia University. In 
the spring of 1904, he was invited by President Ehot, of Harvard, to give 
a course of lectures on the metallurgy of copper, and in the fall of that 
year he was appointed Professor of Metallurgy at Harvard University. 
The summer of 1905 he passed in Europe, upon a pleasure trip, and 
in 1907 he published his second great work. Principles of Copper Smelting. 
In 1909 he was appointed Gordon McKay Professor of Metallurgy. 
In February, 1910, he was one of a commission to make the annual assay 
of the coin of the United States, at the Mint, at Philadelphia. In 1911 
he published The Practice of Copper Smelting, which he wrote “to replace 
his former book entitled Modern Copper Smelting,” although the demand 
for the latter kept n to such an extent that the publishers continued to 
print it. 

In 1914 he bought a farm in Shirley, Massachusetts, and there spent 
the remaining summers of his life; he engaged in the raising of poultry 
and took great pleasure in this occupation and in motoring through the 
surrounding country. . 

In March, 1914, he delivered an address, before the Canadian Mining 
Institute, at Montreal, upon “The Production of Heat in Metallurgical 
FiirD3/C0S ~ 

During the last year of his life he was not in his usual health; he died, 
very suddenly and peacefully, at his own home, upon the morning of 
the seventeenth of February, 1917, having been able to attend to his 
ordinary work up to the very last day of his life. 

He was a member of the Harvard, the St. Botolph, and the Papyrus 
Clubs of Boston, of the Engineers Club of New York,' and one of the 
earliest members of the American Institute of Mining Engineers (1872), of 
which he was at one time vice-pTesident; he also belonged to the American 
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Academy of Arts and Sciences, the American Association for the Advance- 
ment of Science, of which he also became a fellow in 1916, and to the 
American Geographical Society. He had received the degree of Doctor 
of Medicine from Harvard in 1877, and that of Dr. Ing. (Hon.) from 
the Royal School of Mines, Freiberg, Saxony, in 1914. For the last 
two years of his life his professorship was in the Massachusetts Institute 
of Technology as well as at Harvard, owing to the merging of the mining 
departments of these two bodies. 

Beside the man of science and the professor, there was, also, something 
of the musician in Dr. Peters’ nature. In 1877, or perhaps earlier, he 
began the study of the ’cello, which, though interrupted by long and 
repeated absences, was always resumed with satisfaction, and was 
through many years a relaxation and a solace. 

The straightforward, practical views of life expressed by Dr. Peters 
became crystallized in the minds of his family, in such phrases as “Face 
the issue” ; and “There is no reason why you should have a thing because 
you want it”: he had himself thoroughly in hand, though his heart 
was there for all those who needed it. A near and dear member of his 
family writes: “I think he was essentially lovable, rigidly honest, and 
square in all business dealings, and always ready to ^face the issue,’ 
a favorite expression of his.” 

He was absorbingly interested in the present war, and, in spite of his 
German education, his feelings were, from the first, pro- Ally: America’s 
share in this world conflict would have been inexpressibly satisfying to 
him. 
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Man Power* 

BT J. PARKE CHANNINGjf E. M., M. S., NEW YORK, N. T. 

(Colorado Meeting, September, 1918) 

We are accustomed to think that we are efficient in the United States, 
particularly with respect to such things as mining and manufacturing. 
The conduct of the war has demanded in England and in France a com- 
plete readjustment of manufacturing methods and plans, and today 
England is probably as efficient a country as there is in the world, not 
even excepting Germany. This is all the more remarkable because it 
has been notorious for years that England has been inefficient in her 
manufacturing and the country has been flooded with things Made in 
Germany.’^ Today England is almost a socialistic community and the 
State is doing almost everything. England is now in such a position 
that practically everyone in the country is engaged in industry necessary 
for the conduct of the war, and this has been accomplished by increasing 
the efficiency both of her tools and of her man power. 

In the United States we certainly have been efficient so far as machines 
and perhaps so far as methods have been concerned, but we have not 
been efficient in the utilization of our man power. Before the war, our 
labor was undoubtedly far more efficient than that of England, but it 
certainly was not so highly efficient aS it should have been, and the 
problem that confronts us today, and will all the more confront us after 
the war, is to make our man power efficient. England has had a taste 
of what you may call State Socialism, and her laboring men are not going 
to be content to return to the old order of things. There is one feature 
of the labor problem in England which has permitted her to reach this 
condition of state socialism with comparative rapidity; this is that 
practically all of her laborers are English; she has little or no foreign 
population. While an Englishman may be a strong union man and 
ready to fight his employer tooth and nail, at heart he is still a British 
subject, and when his country was in danger he rose to the occasion. 

In the United States we have such an admixture of unassimilated 
foreigners that the probleih is more difficult, and as yet we have not been 
brought to that point of stress which has arrived in England. But if 


* Presented at a meeting of the Boston Section, Mar. 15, 1918. 
t Vice Pres., Miami Copper Cn. 
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we are to carry the war to a successful conclusion, and if we are to increase 
our efficiency after the war, we must introduce methods which will 
Americanize these foreigners and give them our own point of view. We 
have been called the melting pot, but it is a question whether even our 
melting is efficient, and whether at the top of the crucible there does not 
accumulate too much dross and at the bottom not enough clear alloy. 

I wonder if any large number in this country have read the so-called 
reconstruction program of the British labor party. It will, of course, 
be subject to a great many modifications before it is adopted by the 
party, and no doubt still further and greater modifications will be made 
before any or all of it is accomplished. It is very largely socialistic and 
has for its basis four principles or pillars, as they choose to call them, of 
the house which they hope to erect. These four pillars are : 

1. The universal enforcement of the national minimum. 

2. The democratic control of industry. 

3. The revolution in national finance. 

4. Use of surplus wealth for the common good. 

If these four demands are carried out, then surely England will 
be a socialistic state. 

I am not prepared to say how much of this program can, or will, be 
carried out, but it shows the trend of thought of the laboring man in 
England. He has seen his wages increased so as to keep pace with the 
growing cost of living, he has seen the profiteer discouraged, and he is 
more than ever convinced that in the past he has not been getting his 
fair share of the product of his toil; and, I believe, at the same time he is 
realizing that undoubtedly in the past he has not done his proper share 
in increasing the wealth of the country. Nor can he be blamed for this, 
because, seeing large fortunes grow up before his eyes, while he gets but a 
small proportion of it, the incentive to increased efficiency has not been 
great. He realizes that when the war is over, unless the greatest care is 
used in the reorganization of the regular industries, there will be an 
immense amount of unemployment; that this, if unchecked or uncared 
for, will result in an over supply of labor, and, if the old standard is 
maintained, a corresponding diminution in wages. This he feels should 
not be; hence his insistence of the first principle of a minimum wage. 
And the minimum wage that he asks for is certainly not a high one, being 
30s. or, we will say, $7.50 a week. 

In demanding democratic control of industry he has observed such 
good results attained in war work that he sees no reason why this control 
of industry should not be just as efficient under after-war conditions. 

In the third pillar, the revolution in national finance, he demands 
that taxation shall be so adjusted that it will yield the necessary revenue 
to the Government without encroaching upon the prescribed national 
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minimum standard of life of any family whatsoever; without hampering 
production or discouraging any useful personal effort, and with the 
nearest approximation to equality of sacrifice. Apparently he is not a 
protectionist and repudiates all proposals for a protective tariff ; however, 
this may be disguised. In this point they agree with Mr. Courtenay de 
Kalb, a prominent mining engineer, who, in the December, 1917, number 
of the Atlantic. Monthly^ has a most excellent article on the Formula for 
Peace, in which he states that, if after the war we can have an industrial 
world in which there are no protective tariffs and no subsidies, in which 
every nation is engaged in producing those articles for which it is best 
adapted, then there will be less incentive for war. 

The fourth pillar of the English laborite is that the surplus wealth 
shall be used for the common good. They say that we have allowed the 
riches of our mines, the rental value of the land superior to the margin 
of cultivation, the extra profits of the fortunate capitalists, and even 
the material outcome of scientific discoveries, to be absorbed by indi- 
vidual profiteers, and he demands that in the future a large proportion 
of this surplus shall be applied to the common good. 

You must realize that the English labor party is not like the Bolshe- 
viki of Russia. It is not carried away with the beliefs of Lenine and 
Trotzky, that the proletariat are the men to manage the country. The 
English laborer frankly realizes the importance of brains and education, 
and admits that the highest success of the country cannot be obtained 
without the aid of those who plan, and manage, and invent, nor would he 
object to allowing these men to get their fair share of the profits. Evi- 
dently the class against which his program is aimed is comprised of 
those more or less sharp and shrewd men who, without anything more 
than commercial ability, of themselves reap the advantages of the brains 
and muscles of others. 

It is not for me, nor am I a sufficient student of economics, to pass 
upon this program. It has certain merits, and I am calling it to your 
attention only that you may see that just this same thing is liable to come 
up in the United States. And the trouble will be that the pendulum will 
very likely swing too far if the employer class in the United States 
does not give more attention to the laborer and see that his condition is 
improved. You, as engineers, are in the position to act as the instru- 
ments for carrying out this necessary work. Whether it be in a mine or a 
manufacturing plant, I believe I can say that today a large proportion 
of the managers and executives are engineers, and the proportion is con- 
stantly increasing. 

The question to be clearly faced is, are we properly trained to bring 
about this improvement in our social condition, to improve the living 
conditions of our laborers and at the same time to improve their efficiency ? 
I fear that a great many of us are not. We may be good technical men 
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but we are not sociologists nor psychologists. We understand production 
of kilowatt-hours from coal or from water power, we understand the 
machine by which it is utilized, but we do not understand the machine 
which produces our man power. 

I recently attended a conference at Columbia University, at which 
the question of giving the engineering students a course in human engi- 
neering was discussed, and I came away with the idea that the authorities 
were beginning to realize that this was of paramount importance and that 
this training must be given the engineering student before he can be 
turned out as a man capable of eventually holding a high executive 
position. Many of the students have the ambition to hold high positions, 
but at the same time, in the most naive manner, announce that they have 
no desire to have anything to do with the working men themselves. In 
my opinion, there never was a time when it was so necessary to impress 
upon engineers and engineering students the importance of this human 
side of engineering. 

I wonder how many of you can tell me what trade unionism is — you 
who have had to deal with unions and have had strikes? The fact is 
that none of you can tell what trade unionism is because trade unionism 
is not an entity but a term of broad generalization covering a great many 
distinct aspects of the labor problem. Some of you who, perhaps, are 
railroad superintendents, whose knowledge of trade unionism is based 
upon your contact with the Brotherhood of Locomotive Engineers, 
would give one definition ; others, who have been managing a mine in the 
Rocky Mountains, whose contact has been with the Western Federation 
of Miners, would give another definition. Specifically , each of you would 
be right from his own point of view, but neither of the definitions would 
cover trade unionism as a whole. A few weeks ago I might have been 
rash enough to attempt a definition, but in the meantime I have read 
Professor Hoxie's work on “Trade Unionism in the United States,” 
and my ideas on the subject have been much clarified. I would advise 
every one who has anything to do with trade unionism to get this work 
and not merely read it but study it as you would study a book on electric 
motors to find the difference between an induction motor and a synchro- 
nous motor, between one that was simply wound and one that was com- 
poimd wound. 

You will find that trade unionism can be classified under two broad 
general heads, one based on structural varieties, and one on functional 
varieties. As Professor Hoxie points out, there are four divisions under 
each head and any one of the structural varieties may function 
in any one of four different ways. You will learn that while, to you, 
decreased output on the part of the laborer seems inexcusable, yet, for 
him, it has an intense and immediate value. You will find the reason 
why he insists that the good and the poor workman shall each turn out 
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the same amount of product every day, and you will find that he has most 
excellent reasons for this, reasons that probably never entered your head. 
You will learn why the locomotive engineers of the United States can have 
one strong central national union, and why this is impossible with the 
men who dig ditches. You will discover why the Knights of Labor move- 
ment failed and why the American Federation of Labor has succeeded. 
There is one basic and most important factor which you must reahze, 
namely, that, talk as you may, the interest of the laborer and the interest 
of the employer are diametrically opposed, just as the interest of the buyer 
and the interest of the seller are opposed, that from the very nature 
of things they can never be identical, and that the best that can ever be 
reached is a compromise. And who is better qualified to bring about 
this compromise than the well trained engineering manager who, with 
his broad knowledge and experience with both capitalist and laborer, 
is enabled to act as an arbiter or a judge and arrive at a decision at least 
fairly equitable. 

It is the engineers of this country who are in a position to solve the 
labor problem, or at least to produce a solution as nearly ideal as possible. 
It is you who are to convince the employer that, in the long run, he is 
going to be better off by increasing the wages of his men, reducing their 
hours of work, and improving their living conditions. It is you who must 
convince the laborer that it is to his interest to work as efficiently as 
he can and to produce as large an output as is possible. You will have 
to do this by education. It is difficult to convince a laborer that by 
increasing his efficiency and his output he helps himself, because he 
only looks to immediate results. But do not be carried away with the 
idea that because the laboring man upholds an economic fallacy that 
you cannot convince him of his error. 

About 10 years ago I started to develop a low-grade copper mine 
in Arizona. As mine superintendent I had Mr. N. Oliver Lawton, a 
member of this Institute, whose experience at Lake Superior has made 
him familiar with what is known as the one-man air drill. This is a 
lignt machine weighing about 125 lb., which can be readily set up and 
operated by one man. We started to use these in Arizona where, before, 
nothing but the larger and heavier machine, requiring two men, was in 
use. There was an iihmediate opposition from the men and we were 
accused of trying to throw half the normal number of miners out of 
work. Whenever I went through the mine I took the opportunity to 
tell the men that this orebody, up to that time, had not been considered 
ore, that it was rock, and that nobody thought it was worth exploiting; 
that, far from throwing one man out of work, we were giving two men 
jobs, that if two men had to work on a drill the cost of mining would be 
so high that the material would not be ore, but that if we gave each man a 
drill and put him to work in a separate drift, then the rock would become 



746 


MAN POWER 


ore, that these men would have employment and that a new industry 
would be started. About three months of this propaganda convinced the 
men of the truth of our claim, and in a short time it would have been 
impossible to get the men to go back to the old two-man drill because 
each man now felt that he stood on his own feet and got credit for the 
whole distance he drifted. This is only one example, but it indicates 
what can be done by education. The old-time manager or old-time 
superintendent would simply have said, take the job or leave it, but this 
is not the attitude for the modern engineer. 

The assertion is made in Washington that it is difficult to get execu- 
tives for war work, particularly executives who understand the handling 
of man power. I am told that some of the new plants for war industries 
have been most carefully laid out, taking into consideration the routes 
by which material is to arrive at the plant, its progress through the works, 
and its method of removal, the supply of water, coal, and other material, 
but in a great many cases no thought has been given to the handling 
of the men, to their housing, or, if they are to be brought from an adjacent 
town, of the method of transporting them to and from the plant. These 
have been left to a hit or miss adjustment after the plant was up. 

For several years the industrial department of the Y. M. C. A. has had 
a secretary who has devoted himself almost entirely to impressing upon 
the engineering schools the necessity for having a course in human 
engineering, and in 1916, under their auspices, the first convention to 
discuss the human side of engineering was held in Ohio. They lay great 
stress upon the advantages that would accrue to engineering students if 
they had an insight into the mental operations of the laboring man, and 
this has been fostered by getting the engineering students to volunteer 
one or more hours of the week for instruction to laborers employed in 
adjacent plants. This instruction is either in the English language, in 
citizenship, or in athletics. A man who has volunteered for this work 
for a year or more, on going out into active life is a much more capable 
foreman than one who graduates from an engineering school and meets 
his first laborer somewhere on his new job. 

Lately the National Americanization Committee of New York, of 
which Mr. Frank Trumbull, of the Chesapeake & Ohio Railroad, is 
Chairman, has been conducting similar propaganda, sending to the 
various educational institutions of the country a proposed basis of a 
course on industrial engineering. The Committee realized the impor- 
tance of this in preparing^engineering graduates for the problem of properly 
utilizing the man power of the country. This proposed course goes 
into the scope of industrial engineering, describes the problem and the 
field; it takes up the question of the engineering insight of the work in 
reference to plant building, its location, and the fundamental considera- 
tions in its construction; it takes up the management and division of the 
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work, the analysis of the costs, and the machinery, and the materials, 
and the efficiency methods. It goes into the question of employment, 
management, and the methods for hiring, promoting, and transferring 
men. It also takes up industrial welfare with the various incentives to 
the workman and the provisions for his health and recreation, and for 
the vocational training of either himself or his children. It also gives 
instruction in that branch which is so often neglected, and that is, con- 
ditions outside of the plant, the housing of the men, the planning of the 
town, and the health and recreation and education of their families. It 
takes up the problem of Americanization and what shall be done to make 
our melting pot efficient, without dross, and finally it gives him instruc- 
tion as to what has been done and what should be done in legislation.^ 

You engineers who are college graduates should use your influence to 
see that courses in human engineering are introduced in your Alma 
Maters, if they are not already there. 

Do you mining engineers realize that your training and your expe- 
rience, touching as they do on all branches of engineering, fit you better 
for broad and important work than those in almost any other profession? 
How many of you have been under the necessity of developing a large 
mining property in some out of the way place, when everything came 
before you and nothing could be left to chance, where you had to see 
that your own town was built and provided with water works and sewers, 
lighting plant, and schools? You had to develop a property in a place 
where nothing existed and you did not have a well organized community 
to fall back upon with all these adjuncts provided. Only recently 
one of my former superintendents came into the office to tell me that he 
had given up a $12,000 a year position to take one with the Government 
for $3600. He did not hunt this Government job, it came after him. 
They asked him to go on to Washington and take a job in the Ordnance 
Department. They said that they had found that a mining engineer 
has had such varied experience, and has driven so little in ruts, that at a 
minute^s notice he can jump from 6-in. projectiles to bailed hay. 


1 See Bulletin No. 132, December, 1917, p. xlii. 
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Use of Cripples in Industry 

BY JAMES P. MTJNROE,* S. 3. LITT. D., WASHINGTON, D. C. 

(New York Meeting, February, 1919) 

Appalling as has been the loss of hfe in the last 51 months, there is 
one slight compensation : no longer will there be in the world a cripple, in 
the old meaning of the term. Men handicapped by wounds or disease, 
there will be, unfortunately, and in numbers beyond what the world has 
known since the wars of Napoleon; but neither they nor the industries 
from which they were called off to war will be “ crippled in the sense 
in which both would have been had mankind not learned the lesson of 
conservation and come to understand that the most important field for 
such conservation is not in the forests and the mines but among men and 
women. 

From the beginning of the Great War, France, Great Britain, Belgium 
and most of the other Allies have studied the problem of restoring the 
soldiers and sailors injured through war to physical and economic effi- 
ciency; and from their experiences, especially from that of Canada, the 
United States has learned much. Consequently, our task of preparing 
for the return of our disabled men has been easier and, in some ways, more 
comprehensive than theirs. Complex as are the details of the machinery 
which the United States has set in motion to take care of the men injured 
by wounds or disease, the plan itself is simple. Taught by European 
experience, the Surgeon-General of the Army and the Bureau of Medicine 
and Surgery of the Navy have provided, on both sides of the Atlantic, 
every known surgical and medical facility for restoring the injured or 
diseased man to a physical condition as nearly normal as possible. While 
in the hospital in France or England, on the transport coming to America, 
and in the hospital here, the disabled man is incited in every way to 
believe in his future efficiency, to want to be a normal worker, to desire 
to retake his.,place in that society of workers from which he went, tempo- 
rarily, to do the greater work of preserving civilization. Furthermore, 
since purposeful occupation is now regarded as an essential form of 
treatment with most men in the hospital, especially in the convalescing 
stage, many of these men will have been actually started on the road to 
earning before they are discharged from the army surgeon’s care. 


♦ Vice-chairman, Federal Board for Vocational Education. 
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As soon as it is decided that a patient is ready for discharge from the 
hospital — and, now that hostilities have ceased, from the Army and Navy 
itself — his case is certified to two bodies: the War Risk Insurance Bureau, 
which is to determine the amount, if any, of his compensation under the 
War Risk Act, and the Federal Board for Vocational Education, which 
stands ready to help him to get back into employment and, if he needs it, 
to secure a preliminary training that will enable him to make the most 
of himself, under the conditions of his handicap, in that employment. 

The Federal Board has no authority over the man thus placed under 
its care; it is for him to decide whether or not he wishes to avail himself 
of the help that the Federal Government thus offers. But if he chooses 
to use the facilities tendered by the Board, there is almost no hmit, 
within reason, to what that organization may undertake for him. Its 
simplest task is, of course, to assist him in getting back into his old 
employment; but if he has ambition to get something better or if it is 
apparent that, by training, he can be more efficient in what he did before, 
the Board has authority to give him, at Government expense, as much 
education as, in its opinion, it is worth while for him to have. Every 
endeavor will be made to train the disabled man so that not only may 
his handicap be overcome, but that he may be carried, through an educa- 
tion perhaps denied to him before going to war, to a plane of efficiency 
which, without this opportunity,^ he could not have reached. Experience 
in other countries has shown that, in many instances, the disabled man 
is, after training and despite his handicap, a much more effective man 
than he was before the war. 

While the disabled soldier or sailor is under no compulsion to take 
training, there are certain incentives, besides that of ambition, which 
the Government puts before him. If he desires to be trained and the 
Federal Board believes that he will profit by it, he is so certified to the 
War Risk Insurance Bureau, which at once classes him as entitled, during 
training, to the compensation provided for cases of temporary total dis- 
ability, and, during the period of training, makes specified allotments to 
his dependents, should he have them. If he does not pursue the course 
of training with due diligence, these extra compensations, on representa- 
tion of the Federal Board, may be withdrawn. 

Training will be carried on in public and private schools and colleges 
and in industrial plants under contracts made between them and the 
Federal Board. The period of training will be determined to meet the 
needs of each case, but in every instance the disabled man is to be re- 
garded as a special problem and the instructional work given him will 
be fitted to his needs. It will be attempted, as far as possible, to obtain 
for him a position in advance of his being ready for it, so that his training 
may be focused upon a specific goal. Should it prove, after employment, 
that his choice was unwise, the Board has authority to give him further 
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training along that, or some new line. Moreover, after placement, 
whether with or without training, the Board will keep closely in touch 
with the man until it feels certain that he is firmly established in his 
industrial, commercial, or professional life. 

To carry out the duty placed on it by Congress, the Federal Board has 
estabhshed, or is establishing, headquarters, in Washington and thirteen 
of the other leading cities of the country. As far as possible, the disabled 
man will be placed and trained in his own State and locality. Every 
effort will be made to put him into occupations that are growing, and so 
to train him that, when hard times come and the fervor of patriotism 
has passed, he will be retained, not because he is a former soldier or 
sailor but because he is a workman necessary to the work. Care will 
be taken, moreover, that he is not exploited and that he is not used as an 
instrument to disturb the labor situation. The complicated problems 
that might arise, in many States, in connection with employer's liability 
laws will not come up, since the number of disabled men is happily 
much less than it seemed probable that the United States would have. 

The comparative smallness of the problem in the case of men injured 
in the pursuit of war serves but to emphasize the greatness of the number 
of men and women injured every year in the pursuit of the activities of 
peace. By the hundreds of thousands they meet with accident and in- 
jury in every degree and form. Heretofore, most of these injured persons, 
so far as their economic usefulness is concerned, have been thrown on the 
scrap-heap of society, with anguish to themselves and their relatives, 
with incalculable loss to the community. The war has taught us that this 
waste is needless and wrong; and if a bill now before the Congress becomes 
law, the Federal Board will be charged with providing, in cooperation 
with the several States, facilities for training and retraining these victims 
of industry along the same general lines as those followed with the victims 
of war. The task will be far greater than in the case of the disabled 
soldiers and sailors; it will not be, as with them, a comparatively tempo- 
rary responsibility. It will go on forever, as long as there are machines, 
carelessness, and the inevitable lapses in human minds and senses, and 
the problem will have many complications that do not arise with those 
disabled in war. But the effects of rehabilitation in the field of industry 
will be as much broader in their final results as the scope of the permanent 
and normal arts of peace is greater than that of the temporary and ab- 
normal art of war. 

DISCUSSION 

James P. Munroe. — The present situation is vastly different from 
the situation at the time the paper was written. We now know pretty 
well what our problem with the disabled soldier is: 50,000 disabled men 
have come back and the Surgeon General tells us that probably 35,000 
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more are coming over in the months of March and April. So the total 
number of disabled men will be 85,000, which of course includes a great 
number of slightly disabled. If we followed the proportion that obtains 
in other countries, we would have about 10 per cent, of those people 
to be retrained under the Vocational Law. As a matter of fact, the general 
intelligence of our men is so much higher and the provision the govern- 
ment has made for the training of these disabled men is so much more 
liberal than with the other governments that we feel very certain 
indeed that instead of having 8500 men to be retrained there will 
probably be twelve and possibly fifteen thousand. 
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Mental Tests in Industry* 

PRESENTED BY ROBERT M. YERKES, WASHINGTON, D. C. 
(New York Meeting, February, 1919) 


The following is a brief account of the methods of measuring 
intelligence especially prepared for use in the U. S. Army, of typical 
results, and of some of their immediately practical applications. 
It has been prepared for the assistance of army examiners and for 
the information of all who are interested in the relations of scientific 
placement to military efficiency. 

Purpose of the Intelligence Tests 

Under the direction of the Division of Psychology, Medical Depart- 
ment, and in accordance with provisions of War Department General 
Order No. 74, mental tests are given recruits during the 2-wk. 
detention period. These tests provide an immediate and reasonably 
dependable classification of the men according to general intelligence. 
Their specific purposes are to aid: 

1. In the discovery of men whose superior intelligence suggests their 
consideration for advancement; 

2. In the prompt selection and assignment to development bat- 
talions of men who are so inferior mentally that they are suited only 
for selected assignments; 

3. In forming organizations of uniform mental strength where 
such uniformity is desired; 

4. In forming organizations of superior mental strength where such 
superiority is demanded by the nature of the work to be performed; 

5. In selecting suitable men for various army duties or for special 
training in colleges or technical schools; 

6. In the early formation of training groups within regiment or 
battery in order that each man may receive instruction and drill ac- 
cording to his ability to profit thereby; 

7. In the early recognition of the mentally slow as contrasted with 
the stubborn or disobedient; 

8. In the discovery of men whose low-grade intelligence renders 
them either a burden or a menace to the service. 

* Published with the approval of the Surgeon General of the Army, from the 
Division of Psychology, Medical Department, Major Robert M. Yerkes, Chief. This 
article, in slightly different form, was printed in November, 1918 , by the National 
Research Council. 
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Nature of Tests 

The tests were prepared by a committee of the American Psycho- 
logical Association and of the National Research Council. Before 
being ordered into general use they were thoroughly tried out in four 
National Army Cantonments. From time to time they have been 
revised to increase their practical usefulness. Up to January 1, 1919, 
approximately one million seven hundred thousand men had been tested. 
Three systems of test are now in use: 

1. Alpha , — This is a group test for men who read and write English. 
It requires only 50 min., and can be given to groups as large as 500. 
The test material is so arranged that each of its 212 questions may be 
answered without writing, merely by underlining, crossing out, or check- 
ing. The papers are later scored by means of stencils, so that nothing 
is left to the personal judgment of those who do the scoring. The 
mental rating which results is therefore wholly objective. 

2. Beta . — This is a group test for foreigners and illiterates. It 
may be given to groups of from 75 to 300 and requires approximately 
50 min. Success in Beta does not depend on knowledge of English, 
as the instructions are given by pantomime and demonstration. Like 
Alpha, it measures general intelligence, but does so through the use of 
concrete or picture material instead of by the use of printed language. 
It also is scored by stencils, and yields an objective rating. 

3. Individual Tests . — Three forms of individual test are used: The 
Yerkes-Bridges' Point Scale, the Stanford-Binet Scale, and the Per- 
formance Scale. An individual test requires from 15 to 50 min. The 
instructions for the Performance Scale are given by means of gestures 
and demonstrations, and a high score may be earned in it by an intelligent 
recruit who does not know a word of English. 

All enlisted men are given either Alpha or Beta according to their 
degree of literacy. Those who fail in Alpha are given Beta, and those 
who fail to pass in Beta are given an individual test. As a result of the 
tests, each man is rated as A, B, C+, C, C — , D, D — , or E. The 
letter ratings are reported to the Interviewing Section of the Personnel 
Office, and are there copied on the qualification cards (in the square 
marked Intelhgence) . The psychological report, after the grades have 
been copied on the qualification cards, is forwarded from the Inter- 
viewing Section to the Mustering Section of the Personnel Office, where 
each soldier^s letter rating is copied on the second page of his service 
record. A copy of the psychological report is also sent by the psycho- 
logical examiner to the company commander, who uses it in the organiza- 
tion of his company. In some camps, the entering of intelligence grades 
on service records has been left to company commanders, but accuracy 
and uniformity is secured by having these grades entered in the Muster- 
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ing Section of the Personnel Office when the service records are being 
stBrtcci 

The psychological staff in a camp is ordinarUy able to test 2000 
men per day and to report the ratings to the Personnel Office within 
24 hr. Personnel adjutants cooperate in arranging the schedide ot 
psychological examinations so as to secure from them maximum va ue. 


Explanation of Letter Ratings 

The rating a man earns furnishes a fairly reliable index of his ability 
to learn, to think quickly and accurately, to analyze a situation, to 
maintain a state of mental alertness, and to comprehend and follow in- 
structions. The score is little induenced by schooling ; some of the highest 
records have been made by men who had not completed the eighth 

grade. The meaning of the letter ratings is as follows : 

A Very Superior Intelligence.' — This grade is ordinarily earned 
by only 4 or 5 per cent, of a draft quota. The A group is composed of 
men of marked intellectuality. A men are of high-officer type when 
they are also endowed with leadership and other necessary qualities. 

B. Superior Intelligence.— B intelligence is superior but less excep- 
tional than that represented by A. The rating B is obtained by eight 
to ten soldiers out of a hundred. The group contains many men of 
the commissioned-officer type and a large amount of non-commissioned 

officer material. . , , . io 

C-\-. High Average Intelligence. — This group includes 15 to lo per 
cent, of all soldiers. It contains a large amount of non-commissioned 
officer material with occasionally a man whose leadership and power 
to command fit him for commissioned rank. 

C. Average Intelligence.- — Includes about 25 per cent, of soldiers. 
Excellent private type with a certain amount of fair non-commissioned 
officer material. 

C—. Low Average Intelligence . — Includes about 20 per cent. While 
below average in intelligence, C- men are usually good privates and 
satisfactory in work of routine nature. 

D. Inferior Intelligence .- — Includes about 15 per cent, of soldiers. 
D men are likely to be fair soldiers, but they are usually slow in learning 
and rarely go above the rank of private. They are short on imtiative 
and so require more than the usual amount of supervision. Many of 

them are illiterate or foreign. ^ • j j • j. 

O— and E. Very Inferior Intelligence . — This group is divided into 
two classes: D— men, who are very inferior in intelligence but are con- 
sidered fit for regular service, and E men, those whose mental inferiority 
justifies their recommendation for development battalion, special-service 
organization, rejection, or discharge. The majority of D- and E men 
are below 10 years in mental age. 
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The immense contrast between A and D— intelligence is showE 
by the fact that men of A intelligence have the ability to make a superior 
record in college om university, while D — men are of such inferior men- 
tality that they are rarely able to go beyond the third or fourth grade 
of the elementary school, however long they attend. Many of them 
are of the moron grade of feeble-mindedness. B intelligence is capable 
of making an average record in college, C+ intelligence cannot do so 
well, while mentality of the C grade is rarely capable of finishing a high- 
school course. 

Direction's for the Use op Intelligence Ratings 

In using the intelligence ratings the following points should be borne 
in mind: 

1. The mental tests are not intended to replace other methods of 
judging a man’s value to the service. It would be a mistake to as- 
sume that they tell us infallibly what kind of soldier a man will make. 
They merely help to do this by measuring one important element in 
a soldier’s equipment, namely, intelligence. They do not measure 
loyalty, bravery, power to command, or the emotional traits that make 
a man ''carry on.” However, in the long run these qualities are far 
more likely to be found in men of superior intelligence than in men 
who are intellectually inferior. Intelligence is probably the most im- 
portant single factor in soldier efficiency, apart from physical fitness. 

2. Commissioned-officer material is found chiefly in the A and B 
groups, although, of course, not all high-score men have the other quali- 
fications necessary for officers. Men below C+ should not be accepted 
as students in Officers’ Training Schools unless they possess exceptional 
power of leadership and ability to command. 

3. Since more than one-fourth of the enlisted men rate as high 
as C-f-, there is rarely justification for going below this grade in choosing 
non-commissioned officers. This is especially the case in view of the 
likelihood of promotion from non-commissioned to commissioned grade. 
Even apart from considerations of promotion, it is desirable to avoid 
the appointment of mentally inferior men (below C) as non-commis- 
sioned oflhcers. Several careful studies have shown that C— and D 
sergeants and corporals are extremely likely to be found unsatisfactory. 
The fact that a few make good does not justify the risk taken in their 
appointment. 

4. Men below C+ are rarely equal to complicated paper work. 

5. In selecting men for tasks of special responsibility, the prefer- 
ence should be given to those of highest intelligence rating who also 
have the other necessary qualifications. If they make good, they 
should be kept on the work or promoted; if they fail, they should be 
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replaced by men next on the list. To aid in selecting men for occupa- 
tional assignment, data have been gathered on the range of intelligence 
scores found in various occupations. This material «has been placed in 
the hands of the Personnel Officers for use in making assignments. It 
is suggested that those men who have an intelligence rating above the 
average in an occupation should be the first to be assigned to meet re- 
quirements in that occupation. After that, men with lower ratings 
should be considered. 

6. In making assignments from the depot brigade to permanent 
organizations, it is important to give each unit its proportion of su- 
perior, average, and inferior men. If this matter is left to chance, there 
will inevitably be weak links in the army chain. Exception to this rule 
should be made in favor of certain arms of the service which require 
more than the ordinary number of mentally superior men, c. gf., signal 
corps, machine gun, field artillery, and engineers. These organizations 
ordinarily have about twice the usual proportion of A and B men and 
very much less than the usual proportion of D and D — men. 

The first two columns in the accompanying table illustrate the distri- 
bution of intelligence ratings typical of infantry regiments and also the 
extreme differences in the mental strength of organizations which are 
built up without regard to these ratings. The last column to the right 
shows a balanced distribution of intellectual strength which might have 
been made to each of these two regiments. 


Typical Distribution of Intelligence Ratings in Infantry Regiments 


Intelligence Rating 

Interpretation 

Two Actual 

1st Regt , 
Per Cent. 

Distributions 

2d Regt , 
Per Cent. 

Balanced 
Distribution, 
Per Cent. 

A 1 

Very superior 

1.0 

6.0 

3.5 

B 

Superior 

3.0 

12.0 

7.5 

C-j- 

High average 

7.0 

20.0 

13.5 

c 

Average 

15.0 

28.0 

21.5 

c- 

Low average * | 

25.0 

19.0 

22.0 

D 

Inferior 

31.0 

' 13.0 

22.0 

D~ 

Very inferior 

18.0 

2.0 

10.0 


Unless intelligence is wisely distributed certain companies which 
train much more slowly than others will delay the program of the 
regiment. 

7. D and D— men are rarely suited for tasks which require special 
skill, resourcefulness or sustained alertness. It is also unsafe to expect 
P, D— , or E men to read or understand written directions. 
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8. Only high-score men should be selected for tasks which require 
quick learning or rapid adjustments. 

9. It should not be supposed that men who receive the same men- 
tal rating are necessarily of equal military worth. A man’s value to 
the service should not be judged by his intelligence alone. 

10. The intelligence rating is one of the most important aids in 
the rapid sorting of the masses of men in the depot brigade. In no 
previous war has so much depended on the prompt and complete utiliza- 
tion of the mental ability of the individual soldier. It is important, 
therefore, that the psychological ratings be regularly used as an aid 
in the selection, assignment, and classification of men. 

Evidence that the Tests Measure Military Value 

It has been thoroughly demonstrated that the intelligence ratings 
are useful in indicating a man’s probable value to the service. The data 
on this matter presented in the accompanying diagrams are typical. 



Fig. 1. — Distribution of intelligence ratings in typical army groups, 

SHOWING VALUE OF TESTS IN IDENTIFICATION OF OFFICER MATERIAL, ILLITERATE 
GROUP GIVEN beta; OTHER GROUPS, ALPHA. 


The psychological ratings have proved valuable not so much because 
they make a better classification than would come about in the course 
of time through natural selection, but chiefly because they greatly 
abbreviate this process by indicating immediately the groups in which 
suitable ofl&cer material will be found, and at the same time those men 
whose mental inferiority warrants their elimination from regular units 
in order to prevent retardation of training. Speed counts in a war that 
costs $50,000,000 per day. Fig. 1 shows the distribution of intelligence 
ratings in typical army groups. 

Fig. 2 shows the results for three Ofiicers’ Training Schools, having 
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a total enrollment of 1375. Note the rapid increase in elimination in 
grades below B. Of those above C+, 8.65 per cent, were eliminated; of 
those below C+, 58.27 per cent. 

Fig. 3 shows the results for four Non-commissioned Officers^ Training 
Schools, having a total enrollment of 1458. Note the rapid increase in 
elimination in the grades below C. Of those above C, 18.49 per cent, 
were eliminated; of those below C, 62.41 per cent. 

In Fig. 4, note the striking intellectual contrast between those who 
have been selected as officer material and the men who have been desig- 
nated as unteachable or of low military value. 


A B C+ C C- D 


Per Cefit 
Suoxiess 


Per Cent 
Failure 


O.T.C. 


1375 
— Men 


Fig. 2. — Success and failure in 
officers’ training schools. 



N.C.O, 


1458 

Men 


Fia. 3.— Success and failure in 

NON-COMMISSIONED OFFICERS’ TRAIN- 
ING SCHOOLS. 


The men of Fig. 5 numbered 374. They were classified in five groups 
by their officers on the basis of general value to the service. The men 
were selected from 12 different companies, on the basis of officers^ knowl- 
edge of them. Approximately 30 men in each company were ranked 
in serial order from best to poorest by a superior offi-cer. This rank 
order for each company was then correlated with the rank order furnished 
by the tests. In 7 of the 12 companies the correlations were between 
0.64 and 0.75. The average correlation for the 12 companies was 
0.536. These correlations are high, considering the large number of 
factors which may enter to determine a man's value to the service. 

Explanation of Fig. 6 

Commanding officers of 10 different organizations, representing 
various arms in a camp, were asked to designate: The most efficient 
men in the organization; men of average value; men so inferior that they 
were barely able to perform their duties. The officers of these organiza- 
tions had been with their men from 6 to 12 mo. and knew them excep*- 
tionally well. The total number of men rated was 965, about equally 
divided among best, average, and poorest. After the officers' ratings 
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had been made, the men were given the psychological test. Comparison 
of test results with officers’ ratings showed: 

1. That the average score of the best group was approximately twice 
as high as the average score of the poorest group. 

2. That of men testing below C — , 70 per cent, were classed as poor- 
est and only 4.4 per cent, as best. 

3. That of men testing above C+, 15 per cent, were classed as poor- 
est and 55.5 per cent, as best. 


D,D-,E C+,C,C- A and B 

CoT^ missioned Officers 

8319 




O.T. S. Students 

9240 

I 1 I 


Sergeants 

3393 

I IHHZU 


Corporals 

4093 

I 


^^Ten Best Privates 
606 


EilljlBjlMli 

Eliiifilillillian 


White Recruits 
77299 

ZDMM 


Disciplinary Cases 
491 Camp Dix 


‘Ten Poorest”Privates 

S32 

r~~ " 1 B 

‘'Men of Lo/if Military Valup” 

147 Camp Custer 

nz:.zz ~\ 0 

“Unteachable Men” 

255 Camp lisnccck 


Fig. 4. — Proportion of low, average and high-grade men in typical groups. 


4. That the man who tests above C+ is about 14 times as likely 
to be classed best as the man who tests below C — . 

5. That the per cent, classed as best in the various groups increased 
steadily from 0 per cent, in D— to 57.7 per cent, in A, while the per 
cent, classed as poorest decreased steadily from 80 per cent, in D— to 
11.5 per cent, in A. Considering that low military value may be due to 
many things besides inferior intelligence, the above findings are very 
significant. 

In an infantry regiment of another camp were 765 men (regulars) 
who had been with their officers for several months. The company 
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commanders were asked to rate these men as 1, 2, 3, 4, or 5 according to 
practical soldier value, 1 being highest and 5 lowest. The men were 
then tested, with the following results: 

1. Of 76 men who earned the grade A or B, none was rated 5 and 
only 9 were rated 3 or 4. 

2. Of 238 D and D- men, only one received the rating 1, and only 
7 received a rating of 2. 

0 20 40 60 80 100 120 140 160 
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Fig. 5. Fig. 6. 

Fig. 5. — Median intelligence scores (by points) of groups designated as 

BEST, GOOD, FAIR, POOR, AND VERY POOR IN MILITARY VALUE. 

Fig. 6. — Median intelligence scores (by points) of poorest, average, and 

BEST MEN IN VARIOUS ARMS OF SERVICE. 


3. Psychological ratings and ratings of company commanders were 
identical in 49.5 per cent, of all cases. There was agreement within 
one step in 88.4 per cent, of cases, and disagreement of more than two 
steps in only 0.7 per cent, of cases. 

Sixty company commanders were asked to name ten best and ten 
poorest privates. Of the poorest, 57.5 per cent, graded D— or D, and 
less than 3 per cent. A or B, see Fig. 7. The data show that a man above 
C+ is from 8 to 12 times as likely to be best as to be poorest; and that a 
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Fig. 9. — Mental ages of 3Q^’ men keperred as mentally unfit for overseas 

SERVICE. 
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man below C — is from 6 to 10 times as likely to be poorest as to be best. 
Intelligence seems to be the most important single factor in determining 
a soldier^ s value to the service. 

In another camp 221 inapt men of a negro pioneer infantry regiment 
were referred by their commanding officers for special psychological 
examination. Of the 221, nearly half (109) were found to have a mental 
age of 7 years or less. These men had been transferred from camps 
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Fig. 13. 


A and B CXI 


Fig. 12. 

Fig. 12. — Inequality of regiments. 

Fig. 13. — Inequality of mental strength in 18 officers’ ^’raining schools, 
4th series (total enrollment 9,240). 


where there were no psychological examiners, consequently they had not 
been examined previously. Such data illustrate the danger incurred in 
building units without regard to mental ratings. See also Fig. 8. 

In a unit about to go overseas 306 men were designated by their 
commanding officers as unfit for overseas service. These were referred 
for psychological examination, with the result that 90 per cent, were 
found to be mentally 10 years or lower, and 80 per cent. 9 years or lower, 
see Fig. 9. 

Mental tests reveaTthe weak links in the army chain. As a result of 
findings like those illustrated by Figs. 10, 11, and 12, the intelligence 
ratings are being widely used as a basis for equalizing or balancing the 
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PER CENT A AND B GRADES 
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Fig. 14. — Comparison of arms of sebvk e. 
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mental strength of units. As many as 25,000 men have been permanently 
assigned to a division in a few hours on the basis of intelligence scores 
and tables of occupational needs. In the engineering regiment shown 
in Fig. 11, a redistribution of men was made on the basis of the evidence 
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6tr Tool Room Experts 

82 Detectives and Policemen 

24c Auto Engine Mechanics 

24a Auto Assemblers 

18c Stock Checkers 

8a Ship Carpenters 

28 Farrier and Veterinarians 

23tm Truckmasters 

33o Telephone Operators 

50c Concrete Construction Foremen 

18r Receiver and Shipper 

18a Stock Keeper 

34 Photographer 

lOg Gen Electricians 

44b Band Musicians 

31 1 Telegraphers 

38rr R.R.Clerks 

38f Filing Clerks 

38g Gen Clerks 

6me Mechanical Engineers 

Army Nurses 

88b Bookkeepers 

Dental Officers 

29m Mechanical Draftsmen 

39 Stenographers and Typists 

37 Accountants 

105 Civil Engineers 

y. M C. A. Secretaries 

Medical Officers 

Army Chaplains 

Engineer Officers 
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INTELLIGENCE STANDARDS 


Length of Bar shows Range of Middle 5.0 Per C%nt 
■i Vertical Crossbar shows Position of Median 


+ 




b~- ^ D * c- * C ^ ^ B ' A 

Fig. 16. — Occupational intelligence standards. 


submitted by the psychological examiners. One year later an officer of 
this regiment reported that, in the opinion of the officers of the regiment, 
its efficiency had been increased 100 per cent. 

In replacement units interesting experiments in training are in pro- 
gress. Often the A and B recruits are placed in one group, the C-f-, 
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C, and C— men in another group, and the D and D— men in a third 
group. By such classification, it has been found possible to secure 
greater speed in training. High-grade men are not delayed by the inapt, 
and low-grade recruits are given specially qualified instructors, special 
forms of drill, and various kinds of individual attention. Thus all 
recruits progress as rapidly as their individual ability permits. 

The proportion of A grades in the schools shown in Fig. 13 varied 
from 16.6 to 62.4 per cent.; the proportion of A and B grades combined 
from 48.9 to 93.6 per cent.; and the proportion below C+ from 0 to 17.9 
p^r cent. 

Fig. 14 shows the per cent, of enlisted men grading A or B in various 
arms of the 34th division. Different arms of the service do not require 
the same mental strength. Experience shows that few men of D or D- 
grade can be safely used in field artillery, machine-gun battalions, or 
field signal battalions. 

The proportion of A grades, in various officer groups, as shown in 
Fig. 15, varies from 8 to 79 per cent.; the proportion of A and B grades 
combined, from 52 to 96 per cent.; and the proportion below B, from 4 to 
48 per cent. Note the remarkably high ratings of engineer officers. 

In Fig. 16, the bar shows range of middle 50 per cent. The vertical 
cross bar shows position of median. The figure is based on data for 
approximately 36,500 men. Numbers at extreme left are key numbers of 
occupations. Data are taken from soldiers^ qualification cards. These 
data, although inadequate for practical purposes and relating to the 
army alone, suggest the possibility of securing intelligence specifications 
for important groups of occupations, 

DISCUSSION 

B. F. Tillson,* Franklin Furnace, N. J.- — ^I would like to ask Major 
Yerkes if he will not give us more examples of the tests than are contained 
in * the printed pamphlet. It would be of great interest to study them 
more carefully. 

Robert M. Yerkes, Washington, D. C. — The reason for not re- 
producing the methods in any public print is that it lessens their value 
and necessitates the preparation of new test materials. 

Bradley Stoughton, New York, N. Y. — I hope that this matter 
will be of so much interest to the members of the Institute that the 
Directors will decide to appoint a committee which can bring further 
results of this practice before us. I understand that Columbia University, 
at least in some departments, has already adopted the Binet tests 
and is using them. I understand that some industries have considered 
seriously the question of grading their employees in accordance with 
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some mental tests. If that is to prove of value, the quicker the mining 
engineers and metallurgists are famihar with the proper people to carry 
on the work or the proper methods to be employed, the better. We 
generally work through committees, as you know, and I hope one may be 
established. 

One thing that interested me was the high rating of the engineers 
and I questioned whether these mental tests were not rather more easy 
for engineers than for men of other vocations, although of equal intel- 
ligence. Engineers naturally are trained to mental impulse and that 
I beheve is one of the characteristics of the different tests. I noted in 
particular that the telegraphers had a large number of high-grade men 
and a very small number of low-grade mental individuals. It occurred 
to me that also might have something to do with the occupation of the 
telegraphers. Any of you who have played with telegraphy know how 
instantly the application of an idea must follow the slightest variation, 
the ticking must be recorded immediately in the movements of the pencil 
to get down the message. 

R. M. Yerkes. — It was suggested to us early in this work that there 
was some special reason for the high rank of the engineers. We analyzed 
our results to find out whether the tests were easier for men with mathe- 
matical training. The evidence pretty thoroughly indicated that the 
engineers deserve the position which our tests give them. 

It is interesting to know that in the army schools for chaplains, ex- 
tremely high ratings appeared. We compared the chaplains^ records 
with those of engineers and medical men and found that the groups had 
obtained their ratings in different ways. The chaplains were skilled in 
the use of languages and they scored heavily on the tests that depended 
largely on language, whereas the engineers were stronger on the reasoning 
tests. 

B. F. Tillson. — May I ask whether these tests showed whether 
a man were moral or honest and whether he was likely to go to sleep on 
the job? 

R. M. Yerkes. — The tests measure intelligence or mental alertness; 
nothing else. 
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The New Spirit in Industrial Relations 


BY HERBERT M. WILSON,* PITTSBURGH, PA. 

(New York Meeting, February, 1919) 

We of the employer class represent labor in the social organization and 
in industry just as truly as do those who labor only with their hands, and, 
because our labor is chiefly with our brains, the duty is all the more 
imposed upon us to use those gifts in which we excel in helping steer a 
clear course through the turbulent watei-s in w'hich we are now enmeshed. 
Only their selfish engrossment in the daily tasks they were employed to 
perform could possiblv have permitted the great majority of the intelli- 
gent and industrious German people to become terrorized by a handful 
of the idle, the vicious, aud the -criminal, whom the elections to the 
National Assembly showed to be in as pitiful a minority as they are in 
Russia, in this, and in other countries. It is the leisure unemplo3mieiit 
of the I.W.W.’s, the Bolsheviki, and •‘■•he Sparticans that has enabled 
them to devote their whole time to a concerted and aggressive struggle 
against the great majority of those of the world’s workers who are un- 
organized, and who are therefore even in opposition one to the other. 
In union there is strength, and this was never better illustrated than by 

these conditions. . . , j 

The great fallacy of our previous attitude toward social and industrial 

problems has been the belief that labor, by which we commonly mean 
organized or physical labor, is something antagonistic to and having a 
different object in life from that great body of unorganized laborers who 
work with their brains. Our difficulty has been our lack of will or 
opportunity to think. The hurry of our daily struggle to earn our 
livelihood under the nerve-racking pressure of modern civilization has 
left us’ no opportunity for quiet thought and study. 

The physical laborer, and above aU the laborer in the mines, on the 
other hand, has all his hours of toil in which to think over, in all their 
varied aspects, those problems that concern his immediate, personal well- 
being. As a result he has arrived at perhaps a more true appreciation 
of the facts of life in their relation to social and industrial conditions 
than we. Have we not too readily adopted the view that, as the mana- 
gers of industry under the direction of capital, it has been our duty to 
think and act in opposition to labor, rather than to realize that we 
also are laborers, have like aspirations, and should participate in a free 
and aggressive solution of these problems rather than leave their solution 

* Director of Department of Inspection and Safety, The Associated Companies. 
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to those who are taking the direction of affairs solely because of our 
indifference and misunderstanding? 

No one has more clearly analyzed the situation from the point of 
view of the employers, and few have done a better service for industry, 
than John D. Rockefeller, Jr., in the courageous and enlightening ad- 
dresses recently delivered by him on this subject in Denver and in 
Atlantic City. He has clearly shown that there are not two factors to 
this problem, as many had thought, viz.. Labor and Capital; or three, 
as others have believed, Labor, Capital, and the Community; but four: 
Labor, the Community, C'apital as represented by the stock and bond 
holders of industrial property, and the Management as represented by 
those colaborers employed by Capital. It was he, also, who first analyzed 
clearly these relationships and sought their solution a few years earlier, 
in consequence of the industrial warfare in which his properties, the 
Colorado Fuel & Iron Co., were then involved. As a result of his 
painstaking and open-minded investigation of the underlying causes 
of these troubles, he developed a reasonable and cooperative solution in 
what wc now call the Ck)lorado Industrial Plan. It is not only my belief, 
but evidently the conviction of many of the industrial leaders, that in 
some such plan lies the solution of our industrial and social problems. 

No peoples in the world are better prepared to take the leadership 
in a right solution of world conditions than those of that great nation 
which, for a century and a half, has lived under truly democratic and 
representatives government. — the United States. That the whole world 
realizes this is evidenced by the leadership unanimously accorded at the 
International Peace Conference to President Woodrow Wilson, and the 
equally frank leadership accorded by the conservative element in labor 
to Samuel P. Gompers. 

Programs of Labor IjEaders 

While all know, how many have stopped to consider the tremenduous 
influence actually being yielded by the representatives of physical labor, 
as well RvS by the representatives of unemployment, in the solution of 
the world problems now engrossing the world? These conditions have 
brought to the front four great international conferences that are in 
session at the same time as the International Peace Conference: The 
anarchistic and ultra-radical group recently called by Lenine to meet, 
wherever they may, their fellow Bolshevists; the international Socialist 
and Labor conference in Switzerland, at which such radical labor leaders 
as Henderson, of Great Britain, and Thomas, of France, are meeting with 
the Socialists of their enemy countries, Germany and Austria; the less 
radical and anti-German Socialist group meeting in Paris under the leader- 
ship of Russell, of the United States; and the more conservative . and 

VOL. LX. — 49 . 
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clear-thinking Labor group now meeting in Paris under the leadership of 
Gompers. 

In view of the conditions thus briefly sketched, I want to record 
my conviction that it is our duty to our employers, to our associates, 
to ourselves, and to our successors to determine here and now to aggres- 
sively participate in securing a right solution of these problems, rather 
than to leave them to the less capable, if more earnest, manual laborers, 
or worse, to the Socialists or Bolshevists. 

As nearly as I can now ascertain, the more conservative programs of 
the Labor and Socialist conferences now in session advocate the measures 
adopted at the conference held two years ago at Leeds, England. 
Among these are the 8-hr. day, anti-child-labor, anti-night-labor for 
women, proper hygienic conditions, and accident, sickness, old-age and 
unemployment insurance. The newly organized British Labor Party, 
representing a combination of the conservative and other labor groups 
with the political Socialists, has a representation of perhaps 100 in 
Parliament. Its program demands, among other things, an employment 
insurance, democratic control of the industrial methods and ownership 
with equitable share of proceeds, nationalization of electric power, mines, 
railways, telegraphs, and industrial insurance. Compared with this, 
the program of the spokesmen of American labor appears modest indeed. 
Their present extreme demand is for an 8-hr. day, the right of workers 
to bargain collectively, organization of all unskilled labor, and oppor- 
tunity for intercourse and exchange of views between workers and mana- 
gers. The Department of Labor emphasizes the importance of granting 
the last proposal. Charles Schwab has stated that labor is inevitably 
destined to share direction in the control of all industries, as have Judge 
Gary, John D. Rockefeller, Jr., and others. In view of this comparison, 
I think it a fair statement that the American Federation of Labor and 
the United Mine Workers are perhaps the most active and powerful 
influences in this country tending to divert working men from Social- 
istic theories to the more practical aspects of social life founded on our 
national ideas. 

Evils of Compulsory Insurance 

We can well add to the considerations that I am about to submit to 
you the following measures, providing they are shorn of certain Social- 
istic aspects. These latter are usually described by the title Social 
Insurance and are intended to be operated as a function of government. 
This aspect of compulsory insurance is distinctly German; it is wholly 
paternalistic or autocratic in its purpose, and is opposed to every funda- 
mental principle of our democratic institutions. As Frederich L. Hoff- 
man, Americans most expert student of the statistics of accident 
and health has pointed out, the Imperial Government adopted social 
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insurance for the purpose of combating the growth of Socialism. 
Social insurance was expected to complete the subjection of the German 
wage earners to the will of autocracy. On the contrary, the spirit of 
Socialism has been greatly strengthened because compulsory social 
insurance rests upon a typically German misconception of the relations 
of labor and of civilization to democracy, for it involves the establish- 
ment of a permanent class distinction of a most insidious nature. In 
contrast to this European endeavor to better the condition of the wage 
earner by quasi-state charity, is the material improvement in social 
conditions in this country by the establishing of those health and welfare 
institutions which really serve better the purpose of state insurance; 
such, for instance, as more and better hospitals, infirmaries, and dis- 
pensaries; better safety-first laws and regulations; and •better welfare 
activities. 

Unfortunately, certain American publicists are sounding the praise 
of the German system of social insurance. A few of them have fallen 
into the trap of the late Imperial Chancellor, who planned what the 
Socialist conference in Switzerland is now proposing, namely, a provision 
in the treaty of peace for the insurance of labor. These political econo- 
mists of ours have endeavored to introduce into one state after the other 
a system now thoroughly condemned by American labor leaders and 
the American medical profession, and not endorsed by any American 
business institution. Government and State insurance, and especially 
that type of insurance known as old-age, sickness, and unemployment, 
can only have the effect of making the workman a parasite of the state, 
a tool of political intrigue, and an instrument for the perpetuation of the 
party in power. We value only those things that cost us money and 
labor. Insurance, to be effective in establishing and maintaining the 
incapacitated and for the encouragement of those on whom they are 
dependent, should be managed by the private endeavor either of industry 
or of the insurance business. 

Advantages of Group and Compensation Insurance 

Group insurance, a plan devised by American insurance agencies, 
will do much toward fostering desirable industrial conditions, because 
it is a well-known fact that assistance given in time of distress is much 
more appreciated than that given at any other time. The occasion of 
each death serves to renew in the minds of the employees the advantage 
of working for an employer who, in this respect, safeguards the welfare 
of his employees. By thus fostering these personal, human relations, 
and because of the continued reasserting of its advantages, group insur- 
ance is superior to most other forms of welfare work, the appreciation 
of which often wanes when the novelty has worn off. 
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Casualty insurance of the Workmen’s Compensation obligation has, 
in like manner, been made by the stock insurance companies a com- 
panion measure for the protection of the workman and his dependents 
and for safeguarding him from accident. The effect of these forms of 
insurance on labor turnover, the elimination of the cost and frequent 
hardship attendant upon an employee’s incapacitation or death, the 
general improvement in esprit du corps, and the marked drawing together 
of employer and employee have been remarked by all who have had to 
do with these measures of industrial welfare. 

Relation of These Questions to the Mining Industry 

And now to a more detailed discussion of the bearing of these ques- 
tions upon industry, and, in particular, upon the mining industry. It 
is only in recent years that this problem has developed until it has 
taken on those aspects that are now clearly defined. But a score or 
more of years ago, labor and capital were intimately associated in the 
then small and independently owned industrial enterprises. The 
capitalist was the owner and manager of the industry and his employees 
were so few in number and lived so near their place of labor that they, 
and the owner had ample opportunity for personal and intimate social 
and business intercourse. As a result there were fewer social problems 
to cause misunderstandings, strikes, or lock-outs. As President Wilson 
has well said, when men meet face to face in friendly discussion of their 
common needs, some satisfactory solution is sure to be found. Even 
yet, many of the smaller independent mining or other industrial opera- 
tions are successfully handling these problems through the personal 
interest of the owner in the well-being of his employees. 

As modern industry has developed, ownership has expanded to the 
control of huge and diversified industrial activities financed by the 
public under the title of Capital. In consequence there has grown up 
between labor and capital an administrative organization known as the 
Management, so that these two. Capital and Management, constitute an 
impersonal and distant substitute for the individual employer. It is 
this condition which has in recent years so seriously complicated the 
employment problem. The employer has allowed himself to be so 
engrossed with the financial, technical, and physical aspects of his 
business that he has been willing to muddle through his relations with 
labor as best he might. On the other hand, the laborer has been so 
engrossed in his endeavors to secure a livelihood under whatever living 
and working conditions might be offered him that he has given little 
thought to his relations to his employment, until some misunderstanding 
has epded in a strike. No thinking man doubts that were the machinery 
automatically available under such circumstances for friendly, personal, 
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face-to-face consideration of the problems confronting employer and 
employee, there would be fewer disagreements, fewer strikes, and a 
better and more settled industrial situation. 

The necessity for some such medium for exchange of views has 
resulted in the organization of labor and, in some measure, of employers. 
Each party, engrossed only in defending its own viewpoint, has generally 
tried to gain its objectives by might rather than by right. Gradually, 
however, the representatives of both elements are beginning to appreciate 
that when the machinery for bringing them together in friendly commun- 
ion is available their differences frequently settle themselves. There 
remain yet vast numbers of employers and of employees who are not 
available;' for these the machinery should be provided. 

Employment of labor may be considered under two headings : method 
of employment and method of retention. The manner of treating each 
of these divisions of the subject will depend on the size of the mining 
operation. The method of employment for a large operation may be 
by the maintenance of a separate employment department; for small 
mines, there may be no employment department or organized method 
of employment. The method of retention of labor will be effected by the 
size of the operation, the conditions of employment, its possible future 
permanency, the opportunity for promotion, and the general working and 
living conditions. 

Employment by a large industrial operation should be through a 
separate department of labor and welfare, which should have liberal 
appropriations and establishment, as has E. L. Closers department of the 
United States Steel Corpn., and be governed by definite rules and methods. 
The hiring of labor should be governed by classification, a personal 
method of interview, and by consideration of the appropriate working 
place and other conditions that will affect the prospective employee. 
The employment and the retention of labor are affected not only by the 
questions of wage and chance of promotion, but by the conditions 
surrounding the work and the working place, and by those connected 
with living opportunities. No aspect of the method of retention of the 
right kind of employee is more important than that which concerns the 
living and recreational opportunities offered near the place of employ- 
ment. These have been generally described under the titles of Safety 
Work and Welfare Work; the first deals with the place and conditions of 
the employment and the latter with the place and conditions of living. 

A better knowledge of the effect of these considerations on labor and 
employment has convinced all employers and employees who have had 
personal experience in such matters that an improved condition of 
safety adds to the efficiency of mine operation and to the comfort and 
well-being of the miner; and that good living conditions, including 
housing, educational, and recreational facilities, and the security of 
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insurance, add in equal measure to the efficiency of the mine operation 
and to the comfort and well-being of the miner. Both of these so-called 
activities tend to reduce the cost of production 5 to increase the days of 
work, and hence the earning capacity, of the employees; and to make 
for the more permanent retention of labor, and consequently the pre- 
servation of a higher grade of labor. 

The question of separation is often one of the most difficult and 
most full of opportunity for misunderstanding. When either the business 
conditions or the personality of the employee may require his dismissal, 
it is necessary to decide how this shall be done in such manner as to make 
clear not only to the employee but to his associates that his separation 
is necessary. A common method is by a brusque notice of discharge; 
a better way would be by giving notice of one or more weeks prior to 
compulsory dismissal; or better still by a personal interview with an 
opportunity for voluntary withdrawal within a fixed time. 

A great deal of important and constructive work has been done 
toward the solution of employment and welfare problems by a hundred 
of the larger mining corporations scattered from the Atlantic to the 
Pacific, notable among which are the mining subsidiaries of the United 
States Steel Corpn., the Eepublic Iron& Steel Co., Nevada Consolidated 
Copper Co., Utah Copper Co., Copper Queen Mining Co., Cleveland 
Cliffs Iron Mining Co., New Jersey Zinc Co., Consolidation Coal Co., 
and the Ellsworth Collieries Co. ' 

The most promising, and one of the most successful recent efforts 
to solve this problem is that above referred to as the Colorado Plan. 
Its success as a means of bringing about better relations between employer 
and employees and in securing more permanent and better labor employ- 
ment conditions appears to be amply testified to by the results of the 
past three years of successful operation. It is a striking example of 
the value of personal friendly conference, through the agency of a per- 
manent establishment for the settlement of employees’ troubles. In 
substance, it consists of a representative committee, selected by the 
miners and the owners, that meets at regular intervals to hear and in- 
quire into the complaints of employees and the differences between 
employer and employee at each plant, respecting method of employment, 
retention, and separation. In the field of retention, this plan has adopted 
a most liberal attitude toward safe working conditions and satisfactory 
living conditions. It operates through committees on cooperation and 
conciliation; on safety and accidents; on sanitation, health, and housing; 
and on recreation and education. These committees have accomplished 
much for the betterment of the working and living conditions of the 
miners and their families. 

A recent evidence of the trend of this new idea in the settlement of 
industrial disputes was furnished by the strike just settled by the General 
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Electric Co. through the management turning the whole question over 
to a Shc^ Committee and telling the members to get together and settle 
the disputes. The result was a prompt, and to all parties concerned, a 
satisfactory settlement, and resumption of work imder conditions that 
promise reasonably permanent stability. An earlier illustration of this 
method in a semi-national way was the settlement of the anthracite 
strike of over a decade ago, through the appointment, by President 
Roosevelt, of the Anthracite Commission, representing employers, 
employees, and the public. As a result, labor, in the person of John 
Mitchell, was then thrust into that industrial and political prominence 
it has since held in increasing strength. 

The latest step, and possibly the one of most serious portent in this 
regard, is the Whiteley Report of the British Ministry of Reconstruction. 
This report recommends the formation of Joint Industrial Councils — 
national, district, and works — for each of the various industries. Labor, 
capital, and the public are to be represented equally on each. More 
recently, the British Commission on Unrest has recommended to the 
Prime Minister the adoption of the principles of the Whiteley Report, 
with certain extensions. 

What I have endeavored to present is in no sense a labor employment 
program. It is rather a review of the idealistic aspirations of those 
who have been forced to consider a problem so complex and so vital that 
it affects every phase of organized civilization. I may arouse in some 
the fear that the Colorado Plan or the Whiteley Report contemplate a 
dangerous participation by labor in the management of industrial enter- 
prises — ^this is far indeed from my conception of their purposes. I would 
say rather that they propose only that one of the parties to industrial 
production, the man as distinguished from the machine, shall participate 
in the management of those affairs that chiefly concern him, namely, 
his working and living conditions. 

I might epitomize all that I have said by the statement that in all 
industrial operation two types of machines are used, the mechanical and 
the human. Heretofore, and due in large measure to the teachings of 
our technical institutions of learning, all our education has been con- 
centrated on perfecting the design, permanency, and repair of the machine; 
and, heretofore, oxir educational institutions have given nearly equal 
consideration to the perfection of the human machine, but a little thought 
to its permanency, and none whatever to its maintenance and repair. 
When worn out, it has gone to the scrap heap, shorn even of scrap value. 

DISCUSSION 

W. D. Beennan,* Cheyenne, Wyo. (written discussion f). — ^My 
experience has been that, where possible, it is preferable for each fore- 

* Asst. Gen. Mgr., Union Pacific Coal Co. f Received Jan. 24, 1919. 
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man to employ his own men, rather than to have them handled 
through an emplo 3 rment bureau. The fact that each foreman comes into 
direct contact with the man before he is put to work gives him an oppor- 
tunity to choose, at certain times, the kind and class of men that he 
wishes. Where possible, after a man is employed he is sent to a central 
office where a complete history of each individual is kept on a card. 
If a man has previously been in the employ of the company, his history 
can be obtained from this card, and if for any reason he is not wanted 
he can be refused work at the time he reports to the central office. 

In connection with Workman’s Compensation costs, we in Wyoming 
feel that although the rates of compensation paid may in some cases 
be rather low our law works satisfactorily. As the state and the number 
of employees are small, compensation cases are handled through Judges 
of the various District Courts. In the State Treasurer’s Department, 
a few clerks were added to look after the handling and issuing of warrants 
and compiling of statistics. Most of the large employers have an arrange- 
ment by which a joint claim and assent, specifying the amount of com- 
pensation due, is made up by the employer and signed by the workman. 
This is forwarded to the Judges so that personal investigation of 
individual cases is not necessary. In this manner, compensation is 
promptly received and overhead expenses of operation of the law is kept 
at the minimum. 

The law requires each employer to pay into the State Treasury, for 
the benefit of the industrial fund, a sum equal to 1.5 per cent, of the money 
earned by each employee, engaged during each calendar month of such 
employment. Each employer contributes monthly, unless the sum 
heretofore contributed, after deducting all payments made on account of 
injuries to his employees, shall equal a full 1.5 per cent, of his annual pay 
roll, computed by multiplying his current monthly pay roll by twelve, 
and shall likewise be not less than ($5000). It has been found during 
the years that this law has been in effect, that a number of the larger 
employers have been exempt from payment for from five to eight months 
per year, so that in some cases, even in coal mines, industrial insurance 
has cost less than 0.75 per cent. 

The question of relationship between employer and employees is 
one where personal friendship is of the utmost importance. We of the 
West probably have, or at least feel that we have, a greater freedom than 
exists in some other parts of the country, so that we possibly come in 
closer contact with the employees than is possible in some other localities. 
This, in a number of cases, has been the meaps of avoiding serious trouble. 
The closer the personal relations between the employer and the employee, 
the easier it is to get together and talk over difficulties and questions that 
are constantly arising. The fact that the employees are allowed to state 
their grievances and have an opportunity to be shown the employers' 
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point of view will, in many cases, go a long way toward keeping relations 
friendly. ' 

Will L. Clark, Riverside, Cal. (written discussion*). — In the large 
operating metal mines of the western part of the United States the situa- 
tion is one of much complexity, due to the plan of wage schedules effec- 
tive during the European war and based on the average monthly price 
per pound of copper. It would have been much better for the western 
mining industry, in general, if an allotment had been made from surplus 
annual earnings, for it seems most desirable that workmen should have 
some interest in an operating company experiencing a good year and 
producing an amount sufficient to allot each workman, having a clear 
record, $100, or more, annually. 

Detailed attention to welfare provisions is now the practice, in all 
western mining camps of the large copper companies. The question of 
uniform wage schedules should be formulated promptly; and during its 
consideration with employees, there might be included the preliminary 
discussion of uniform workmen's compensation plan, including sickness 
and accident allowances. It is a serious reflection on the ability of the 
executives of western metal mining companies that they have not 
devoted time and concerted effort to reach an agreement with employees 
as to a sensible wage schedule and compensation for sickness and accident; 
but instead have run along under a haphazard temporizing policy. This 
necessity once met and arranged for, the mining camps as now conducted, 
free from the saloon evil, offer high wages and fine climatic and, gener- 
ally, good living conditions. 

The best opportunities for investments, where one is able to form 
first-hand opinion, are producing mines or speculative chances in new 
prospects being opened in a miner-like and proper business manner, as 
differentiated from the wild-cat, stock-selling promotions, also the prod- 
ucts from nearby farm lands are assured of an exceptional market and 
many miners invest and retire to country life. 

This digression from the main subject, which has been well stated 
by Mr. Wilson, is to call attention to the opportunity that exists for 
young Americans in mining and related occupations. The metal mines 
and ore-reduction plants offer work that is interesting and not arduous. 
The young Americans appear recently to have taken up mining work, not 
as a vocation but as an opportunity to travel, jumping from place to 
place, while the foreigner, appreciating good wages, has held on, until the 
proportion now engaged is surprisingly large, in some mines 80 per cent. 
An observer returning from the battle front in France said there were 
three things noticeable about the American soldiers, in camp : First, they 
were regularly hungry; second, broke; third, always wishing they were 
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somewhere else. The last is true of our young men with reference to 
all ordinary or common labor. A large proportion of the orchard and 
garden workers in California are Japanese, Chinese, Portuguese, Mexicans, 
and a few Indians and other native Americans. American youths have 
not displayed sufficient persistence to make producing war gardens. 
Can they be induced to take up mining and other ordinary vocations 
and, if so, how is efficient work to become the rule and provide for the 
continuance of high wages? In a recent article, Mr. Mitke says ^‘Time 
studies will lead to mutually advantageous results, but in the minds of 
workmen, unfortunately, the idea of tune studies is so closely associated 
with speeding up the work that they are inclined to look on them with 
suspicion.^' 

One of the reasons for this belief is that the men are not informed and 
given opportunity to cooperate in the whole study. Clearly a better 
understanding with the workmen can be arranged and every one, by 
meetings, lectmes, and examples, shown the advantage to him, and his 
class, of accomplishing a fair day^s work, without waste of effort. Every 
local superintendent and manager knows how almost maddening it has 
been to observe unskilled and time-killing laborers, and to feel, since the 
foreman or boss is no longer a driver, that there was not available any 
relief. Now the immediate necessity of bettering the labor situation 
should evolve this and conferences be arranged to formulate agreements. 

Another phase, which Bolshevism has made immediate, is brought 
out in the annual report of the Secretary of the Interior, Hon. Franklin 
K. Lane, for 1918. He says: ^^To the necessity for more thorough educa- 
tion of the people all countries have become keenly alive. As we move 
further and further from the war, we will discover much that we do not 
now see. But this one thing stands out more plainly than ever before, 
that this world is to belong to the workers, those who do and those who 
direct the doing. Not merely to those who drive the nail or lay the brick, 
but also to those who have come to a higher capacity through education 
and large experience, the men of scientific knowledge, of skill in the arts, of 
large organizing capacity, ease, and sheltered repose will come only to 
those who themselves have earned it. In the opinion of the writer, it 
is of the greatest moment that wage schedules for metal mines be formu- 
lated and all the time and effort required be devoted to the adjustment 
to practical working and living conditions. 

C. W. Good ALE,* Butte, Mont. — ^In regard to the employment man- 
ager, the North Butte Mining Co. has undertaken that line of work and 
the rest of the companies are watching the experiment. If it is proved 
to be the proper thing, the system will be introduced into other mines. 
We have to combat the opposition to the use of the rustling^' card. 

* Manager, B. & M. Dept., Anaconda Copper Mining Co. 
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It is nothing more nor less than asking the nationality, where the man 
formerly worked, and whether he is married or single. 

Robert Rhea Goodrich, Anaconda, Mont, (written discussion*). — 
Since the efficiency of the different phases of personnel work employed 
by industrial concerns, which are bringing about greater efficiency and 
lessening the labor turnover, the latter being intimately connected with 
“contentment of mind,’’ depends on the individual workman, it is highly 
desirable, as far as industry is concerned, to keep the workman’s mind 
and body in trim in order to lessen accidents and produce a higher grade of 
work. Prevention being better than cure, health supervision of the work- 
men during employment should be maintained by the employers in order 
that mental alertness and physical well-being may be obtained. I have 
long believed, from observation in many plants, that when any problem 
is dependent on the individual workman, what he believes and what he 
does is vitally dependent on his health. I will follow with much interest 
what is to be done in the future in relation to the subject of health 
supervision during employment (as well as medical examinations at the 
time of employment), and 1 hope this idea will be generally instituted 
in personnel work. 

A workman with good health and a contented mind should be an ideal 
component of a progressive industrial concern. The contentment of the 
workman is fostered by a number of admirable phases of welfare work 
which are being still further developed. The mental and physical well- 
being of labor should be the issue in Labor vs. Capital in the new period 
of the industrial promotion of the United States into which we are now 
entering. 

M. D. Cooper, t Brownsville, Pa. — In the bituminous mines the whole 
system at the present time, with a few notable exceptions, is lost in con- 
fusion. In fact, there is no system. At the average mine, the super- 
intendent or foreman employs his men with very httle examination of 
any kind, physical or mental. There is need, therefore, of some stand- 
ardization of methods. This is accomplished, in the case of the larger 
mines, by an employment bureau, but in western Pennsylvania there are 
a great many mines, employing from five up to 100 men, which are at a 
disadvantage when it comes to maintaining any sort of employment 
bureau. But it is possible to establish a system without an employment 
department; that is to say, some form of a record may be made of the men 
and their fitness for certain positions and this reCord passed about among 
the employees in the handling of the labor situation. A better methori 
would be a cooperative employment bureau among the small employers. 
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The n^t feature of the employment of mine labor is that of retention. 
This, during the past two years, has been an exceedingly serious problem. 
Two factors affect the retention of mine labor : The first is the reputation 
of the employer. This is dependent largely on living conditions; that is 
the location of the plant, the character of the houses provided, sanita- 
tion, etc. Recreation is increasingly important. The company with 
which I am associated has recently attempted to solve the problem of 
recreation and add to the contentment of the community by erecting a 
community house, which contains a moving-picture show, bowling alleys, 
pool tables, etc. This is a move in the right direction. Education 
also is an important feature. The miners are much more interested 
than formerly in the educational facilities provided for their children. 
Next, after the reputation of the employer, is the conduct of the bosses 
in the company organization. It has been the constant effort of our 
company to obtain for the official positions men who were able to take 
a broad-minded view in regard to mine labor. This is not an easy thing 
to bring about, but on its accomplishment depends the success of the 
company in retaining men. In this connection the point Dr. Lanza has 
brought out in regard to the examination of men is very important. I 
suppose we can all think of men who are employed in certain positions 
where they are entirely out of place physically. 

The third feature of employment of mine labor is that of disconnec- 
tion with the company; there is vast room for improvement here. The 
solution of this problem lies in the giving of sufficient notice both by the 
laborer when he intends to quit and by the official when he intends to 
discharge the man. 

The Chairman (B. F. Tillson,* Franklin, N. J.). — It seems to me 
that the employment of labor is so closely knit with the problem of 
labor turnover that it would be of great interest if our Transactions 
contained data, or figures, from representatives of various companies 
in regard to what their labor turnover has been during this past year. 
I may say that the zinc mine at FrankUn had a labor turnover of 72 
per cent, for the past year. Furthermore, the question of attendance 
enters importantly in production. If the attendance is poor and the 
foreman does not know on how many he can rely, it produces inefficiency. 
The attendance during the same period was 87.5 per cent, of the possible 
shifts of labor, which includes two months^ suffering from the epidemic 
of influenza, which was vgry severe in the camp. The lack of attendance 
may be classified as follows: Loss of time due to accident, loss of time 
du^ to illness, lo^s of time from other causes, realizing that the loss of 
time due to illness is often brought about by inebriety. The corresponding 
statistics were for this same force of men, averaging about 850: Loss 
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of time due to accident, 0.5 per cent, of the total possible time; loss of 
time due to claimed illness, 3 per cent.; loss of time from other causes, 
9 per cent., which indicates that a man’s lack of interest in earning more 
and attending to his ]6b are an important factor in the amount of work 
being done by the present forces of labor. 

E. A. Holbrook,* * * § Urbana, 111. — In listening to the remarks of the 
Chairman on labor turnover, the question arose in my mind, on what do 
we base our figures when computing our labor turnover? In one case, 
I was told, the labor turnover is figured on the basis of men working a 
month or more; in another place, the labor turnover is figured on the 
basis of a man going into his working place and putting in a shift; in 
another place, a man is simply put on the books of the company and is 
figured in the turnover. I would hke to ask what is the basis on which 
you figure your labor turnover? 

Chairman Tillson, — The labor turnover is based on the number 
of men leaving divided by the average possible number of men that might 
have been working during the year, and the average possible force is 
obtained by dividing the total possible number of labor shifts by the 
average number of working shifts during the year. We have studied 
the problems from many angles and it seems to be a well accepted con- 
clusion that this is the proper rating of labor turnover. 

Jambs P. Munroe,! Washington, D. C. — May I say, in connection 
with the very interesting paper that Mr. Wilson has presented, that 
I bring very encouraging news from the city of Laurence, where my 
factory is. Lawrence has a very mixed foreign population so the 
Bolsheviki have been concentrating on it as the opening place for 
their campaign. For many weeks they have been sending their best 
leaders into the city to head this outbreak; but the movement has petered 
out. The foreign people have taken no stock whatever in these doctrines, 
with the result that all these leaders have gone away disgusted, saying 
that it is absolutely impossible to make any progress. 

Charles F. WiLLis,t Bisbee, Ariz. (written discussion!). — An 
employment department operated only with the object of relieving 
the foremen from hiring and for the purpose of centralizing record- 
keeping is not likely to be entirely successful, and is doing but a small 
part of the good that practice has shown is possible; although it was 
probably a desire to save time and to conduct the business more con- 


* Supervising Mine Engineer and .Metallurgist, U. S. Bureau of Mines, 

t Vice-chairman, Federal Board for Vocational Education. 

J Consulting Supervisor, Dept, of Industrial Relations, Phelps-Dodge Corpn. 

§ Received Apr. 15, 1919. 



782 


THE NEW SPIRIT IN INDUSTRIAL RELATIONS 


veniently that led many mining companies to centralize their employ- 
ment department. The ultimate object, however, is the reduction of 
labor turnover, by obtaining men better qualified to fill the positions 
to which they are assigned, by following up their work and providing 
for transfer to other departments or for promotion, if advisable, by 
reducing the number of quits for inconsequential reasons, and by super- 
vising such laying-off as is necessary in such a way that the permanent 
force is not upset. 

It provides a stability of employment, free from favoritism and 
paternalism, probably the best form of employment insurance that we can 
have. The value of the employment department is in direct proportion 
to the breadth of its supervisor, his ability to estimate and place men, 
his sympathy in dealing with their petty troubles, and his analysis of 
quits and the reasons therefor. There is probably no better index 
of the soundness of the industrial relationship between the employee and 
the employer than the reasons why men quit; an intelligent, unbiased 
analysis of these reasons tells where corrective measures are necessary. 
In nine cases out of ten the reasons are small grievances, easily corrected, 
and are things usually overlooked by mine officials. 

An employment department has an immense field in the mining 
industry that has not yet been developed. In combination with the 
physical examination previous to employment, it permits of the proper 
placing of physically deficient men where they can do a day ^s work without 
injury to themselves or their fellow workers, it permits of the placing of 
war cripples, while it would be impossible to expect to find the twenty- 
five, fifty or one hundred bosses, whose motto is ^^rock in the box,'' 
broad enough to analyze the physical and mental needs of the various 
positions under them and select men accordingly. 

Industry has no right to select its force of entirely physically and 
mentally fit men and throw into the market hundreds of thousands 
below that standard; each must take its share of the disabled and place 
them where their disability is not injurious to themselves, to the industry, 
or to their feUow workmen. It is only through centralized employment, 
the study of the problem by a man who is not required to show tonnage, 
that this can be accomplished. 
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Prevention of Illness Among Employees in Mines 

BY A. 3. LANZA,* M. D., WASHINGTON, D. C. 

(New York Meeting, February, 1919) 

The prevention of illness among the employees of the mining industry 
is especially important in view of the importance of the industry, the 
unsettled conditions of labor, which emphasize the economic necessity 
for conservation of labor, and for humanitarian reasons. The burden 
of chronic illness is altogether unwarranted and unnecessary. If the 
industry is to maintain its labor supply in an efficient manner and keep 
the standard high, it is essential that it make every effort to keep its 
labor in good physical condition. 

The basic principles underlying health conservation are the same for 
any industry, but they are here applied especially to the mining industry, 
and more particularly, perhaps, to metal mining, as it is with this phase 
of the industry that the writer is most familiar, nnd as it is conceded that 
metal mining presents more health hazards than coal mining. 

The first step in the prevention of illness lies in securing employees 
who are in sound health and free from organic disease, I do not mean 
that all men who go underground should be physically perfect, but they 
should be free from organic defects of the heart, lungs, and other organs, 
or from anatomical defects that would markedly increase their liability 
to accident. The number of men working underground in mines in 
this country whose physical condition totally unfits them for such 
work presents a situation that should not be allowed to continue, and 
which I believe is not equalled in any other industry in the country. 
There is but one way to secure men who come up to the required standard, 
and that is by a thorough physical examination before employment. I 
am fully aware of the objections felt toward such a procedure by many 
employers and employees. There is much to be said on both sides, but 
to any one who is at all familiar with the mining industry as it is today 
in this country, and who approaches the matter with an unbiased mind, 
there can be absolutely no (ioubt as to the necessity for physical examina- 
tion. As a purely logical proposition this is self-evident, but there re- 
mains the further necessity of placing physical examinations on such a 
basis that they can be administered in a just and equitable manner free 
from the abuses and suspicions to which they have been subject in the 
past. 

♦ U. S. Public Health Service. Chief, Division Industrial Hygiene ahd Medicine, 
Working Conditions Service, Dept, of Labor. 
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The best way of administering physical examinations in the mining 
industry would be to have them conducted by properly constituted 
authorities of the various states. That is, if John Jones wished to work 
as a miner, when he appeared at the einplo 3 ^ent office of the Smith 
Mining Co., he would have in his possession a certificate from the state 
authorities declaring him to be free from organic or other defects that 
should, in the natural order of events, bar him from underground work. 
Such a system would presuppose reciprocity among the mining states 
and a basic standard of physical fitness. It would be well within the 
province of the Federal Government to establish such a standard for 
adoption by the various states. This arrangement may seem idealistic 
and impractical, and it is offered here largely for the purpose of causing 
reflection and argument, but at the same time, unless the mining industry 
can put into effect a system that will be fair both to employer and em- 
ployee and that will prevent obviously unfit men from working under- 
ground, it will be almost useless to make any other effort toward pre- 
vention of illness among employees. I believe that the time has come 
for the American Institute of Mining Engineers to consider seriously 
the necessity and the means of carrying out physical examinations and 
to take a definite stand. 

The second requisite for the prevention of illness among employees 
is the maintenance of working conditions underground on a high plane 
of sanitation and efficiency so that illness arising from working conditions 
may be held to a decent minimum. The greatest need in the improve- 
ment of underground conditions is the elimination of dry drilling in 
hard-rock mines. The relationship between hard-rock dust and miners^ 
consumption has been so clearly demonstrated that it is not subject to 
argument; suffice it to say that the efforts made in England and in British 
colonial possessions to deal with this evil have shown the possibilities of 
abating it, while in this country little has been attempted. As long as 
dry drilling is permitted in hard-rock mines, just so long will we have an 
inordinate amount of pulmonary disease among the miners. That this 
has worked an economic hardship on the industry, aside from its humani- 
tarian features, and that it has been one of the causes of the better grades 
of mine labor leaving the industry, is apparent to any one familiar with 
the conditions, and it is hard to understand why the subject of dry drilling 
has received so little attention in this country. Dry-drilling apparatus 
may be as deadly as a machine gun, if somewhat slower, and its continued 
use in the mining industry is a matter of reproach. While it may be true 
that the water varieties are not as satisfactory as they might be, at least 
their improvement should receive serious consideration. It is incredible 
that American ingenuity, which has produced the telephone, the tele- 
graph, and the flying machine, should be unable to cope with the pro- 
duction of a water drill that would largely make impossible miners' 
consumption. 
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Conditions of ventilation and temperature underground are not what 
they should be and have never Deceived the attention in metal mines 
that they have in coal mines. This is also a matter of prime economic 
importance because a greater amount of work can be done imder condi- 
tions of proper ventilation and temperature than when there is poor 
ventilation and high temperature. While the latter may not cause 
specific illness, certainly they lower the vitality, lessen working ability, 
and predispose to many illnesses; if we are to have healthy miners we must 
so arrange it that they can work in places properly ventilated and not 
excessively hot. Mine ventilation is too complex a subject to be con- 
sidered here, but the use of small fans with canvas tubing seems to offer 
a satisfactory and economical means of improving ventilation. 

Proper toilet facilities underground are important as a health measure 
but vary so much according to the size and locality of the mine that they 
need not be gone into in detail here; besides, their principles are well 
understood. 

The third requisite consists of adequate provision for medical and 
surgical service so that minor illnesses and injuries may be promptly 
treated and not become of major importance. In regard to accidents, 
'^safety first has become highly specialized and efficient; health service, 
if I may use this term, has not been developed to the same proportion. 
While many of the larger mining companies maintain first-class hospitals, 
the prevention of sickness among miners has not kept pace with the pre- 
vention of injury. It is just as feasible to distribute posters and other 
educational matter dealing with the proper care of common colds, con- 
stipation, and other minor troubles, which are forerunners of serious 
ailments, as it is to impress on the miners the necessity of having the 
smallest injury promptly attended to by the company doctor. There 
is need for a closer cooperation between the doctors and the miners in 
handling the minor ailments when they first appear. In former days the 
miner was an English-speaking person with all the advantages of a knowl- 
edge of the country and its institutions; at present underground workers 
are largely foreigners, and the employer must provide for their health 
during working hours and often in their homes if he desires to keep them 
on the job. 

It is probable that the mining industry will always be hazardous 
to health and life as compared with other industries but at present it is 
needlessly so, because the wastage of human material can be prevented 
by securing physically fit labor, and by keeping its health unimpaired. 

DISCUSSION 

J. J. Carrigan, Butte, Mont, (written discussion*). — I think all 
who have had experience in the operation of metal mines wiU agree with 
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Dr. Lanza that many improvements can be made in the imderground 
workings to improve health conditions. Physical examination would no 
doubt be a good thing and would do a great deal in abating the diseases 
now so common among metal miners, but I cannot see how it would be 
possible to put this examination into practical working order. Dr. 
Lanza says, “For the sake of argument, this physical examination should 
be imder state supervision.^’ I think if this were attempted it would 
result in nothing but argument. While such a law possibly could be 
passed in a few states, I feel certain that in the greater number the miners 
would fight such legislation with the same determination that they would 
fight a change of the working day from 8 to 10 hr. In the smaller mining 
camps this examination could probably be carried out under the super- 
vision of the mining company with considerable success. In the large 
mining camps of the West that have adopted it, we all know how far 
it is from being satisfactory; it causes more discontent among the men 
than any other change of conditions that the companies may try to bring 
about. 

Dry drilling, no doubt, has been one of the chief causes of tuberculosis 
among miners. While this practice is still being carried on to some 
extent, the reason for it is that there has been no wet drill that was at all 
satisfactory for use in all conditions of stoping. For some time, however, 
there has been on the market a spray used in connection with drilling that 
eliminates the dust in a satisfactory manner, but I know that 95 per cent, 
of the miners would refuse to use the spray and would sooner ^'eat the 
dust” than work under wet or muddy conditions. 

The Anaconda company has been experimenting with a water stoper 
that, I think, will prove satisfactory. All the drill manufacturers have 
been working along these lines for some time, and probably the dry stoper 
drills will soon be entirely replaced by the wet drill. 

Ventilation of metal mines is about the most important and one of the 
biggest problems to be considered, not only from a standpoint of improv- 
ing health conditions, but as a matter of efficiency; but to compare the 
problems in the ventilation of coal mines with those of metal mines is 
hardly fair. The nature of the imderground workings is entirely dif- 
ferent, and the character of the ground in the metal mines is such that 
large amounts of timber are necessary, the oxidation of which generates a 
great deal of heat. By working on different levels in the metal mines the 
men are distributed over a large area, and there may be many different 
veins to be worked from each level, which makes it a great deal harder to 
control the air currents. ' 

Until a few years ago, the mines in the camps of the West were oper- 
ated by many small independent companies and the larger companies did 
not work together as they do now. Very little attention was paid to 
ventilation, at first, it not being necessary, and as the mines increased in 
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depth, these independent companies were lax in matters of ventilation. 
Since these companies have been consolidated, it has required a great deal 
of work to improve conditions, owing to the condition of the old workings 
and to the different elevations of the levels. 

The Anaconda company has been going into the ventilation question 
very thoroughly for some time and has an engineer in charge of this work. 
I think we all realize what a big job it is and that it will be some time before 
the ventilation conditions are as the company desires to have them. 

Regarding toilet conditions underground, all the mines of the Ana- 
conda company are equipped with sanitary toilet cars, which are taken to 
the surface every day to be cleaned. I suppose that most of the companies 
in the country have similar equipment, as it is, no doubt, very important 
from a standpoint of health. 


C. E. Calvert, Butte, Mont, (written discussion*). — Dr. Lanza^s 
suggestion of an inter-state medical examination will meet with consider- 
able dissension. It is safe to say that 50 per cent, of the miners are migra- 
tory, working from one camp to another and covering territory from 
Alaska to Mexico. These miners would object very strenuously to 
medical examinations at every move, and yet a medical passport between 
states does not sound feasible. 

A law compelling medical examination would necessarily require some 
standard of health, and this also would cause dissension. Suppose an 
applicant failed to pass this standard, his medical card would show this 
and he would immediately become an undesirable, from the standpoint of 
an efficient laborer. If unable to procure employment on account of his 
health, he would naturally seek retribution from his former employer and 
one can readily see the difficulties in store should such a proceeding be 
carried out. 

It is agreed by all that dry drilling is one of the chief causes of sili- 
cosis so prevalent among miners, yet this cause could be practically 
removed by proper legislation and strict enforcement of the law. Wet 
drilling in upper holes has not been developed because wet stoping 
machines have not proved entirely satisfactory. This lack of devel- 
opment by the companies may be attributed in part to the indifference of 
the miner. Had the miner demanded such a machine from the mining 
companies, they, in tmn, would have demanded some improvement from 
the machinery companies. A few wet stopers have been tried in this 
locality but the personal element enters into the operation of the machine 
to such an extent that its success or failure depends on the individual 
miner. 
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C. W. Good ALB,* Butte, Mont. — A few years ago the miners made 
an unsuccessful effort in the legislature to have a law passed compelling 
the mine companies to furnish 100 ft. of free air per minute, exclusive 
of any air that was furnished from the air compresses, or the air used in 
drilling. At the present time the Anaconda company has machinery 
furnishing air at the rate of 300 cu. ft, per min. and it will soon be 
doubled, at the cost of $600,000. 

The Chairman (B. F. TiLLSON,t Franklin, N. J.). — I would like to 
ask Dr. Lanza if he would qualify his statement in regard to all rock being 
injurious by including non-siliceous rock? 

A. J. Lanza. — I should say that if it was pure limestone it would not be 
considered contributory to tuberculosis. I mentioned hard rock. Some 
lime rock is siliceous and is injurious. 

Chairman Tillson. — Might I ask also whether that includes coal 
dust? 

A. J. Lanza. — The question of coal dust is a very interesting one and 
is not entirely settled. There is considerable evidence to show that the 
coal miner is relatively immune to tuberculosis, and some very inter- 
esting views and arguments and demonstrations have been worked out 
by anatomists and pathologists as to why it is that a man who accumulates 
coal dust in his lungs is immune to tuberculosis. There is, however, 
I understand a growing notion that the dust may not be as harmless as 
supposed and I recently came in contact with men who complained 
bitterly of coke dust; but I have had no opportunity of finding out if it 
was doing them any harm. They complained that it was. 

H. M, Wilson, t Pittsburgh, Pa. — Is it not possible that the immunity 
of coal miners to tuberculosis is due to the well known fact that one of the 
greatest preventatives and curatives of tuberculosis is the oxygen that 
comes from open-air hfe and plenty of fresh air; and therefore may not 
this immunity be due to the fact that in^ coal mines there is generally 
good ventilation and plenty of fresh air blown into the mine, and the men 
working in the mine are actually living under better conditions of good 
oxygen to breathe than the men in almost any other occupation that I 
know of? 

A. J. Lanza. — I do not think that that is at all tenable. There is 
no getting around the fact that the inhalation of coal dust causes very 
marked changes in the structure of the lung, and it is also a well known 
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fact that the process of producing fibrous tissue is an offset to tubercu- 
losis, as it does not afford a very advantageous ground for the devel- 
opment of the tuberculosis bacillus. As far as we can see, that is the only 
explanation that will hold water as to why coal miners are relatively 
immime to tuberculosis. 

I want to say another word about dry drilling and about the remarks 
I made about dry drilling. I know perfectly well that the water drill was 
invented a good many years ago and have seen various water stopers and 
water drills and the like and all of us have seen water sprays in use on 
drills and we know these latter are largely worthless. There never was a 
water spray affixed to a drill that was worth the time and trouble it took 
to put it in place. There is only one kind of water drill that will be any 
good and that is a drill where water has to be used for the drill to function 
properly. We know that there are good water drills yet the dry drills 
are used in great numbers. There is absolutely no reason for that practice 
and you are not going to have anything but tuberculous miners while it 
is continued. There are all kinds of laws to prevent dry drilling; it is a 
question of enforcing the law. The point I want to make is this : dry drill- 
ing is practised to an inexcusable extent and I think the American Insti- 
tute of Mining Engineers could very well take some steps to eliminate such 
practice. 

Charles F. Willis,* Bisbee, Ariz. — (written discussion f). — The 
consensus of the discussion of the paper of Dr. Lanza indicates that the 
physical examination, while it is probably a good thing, is fought by 
the workingman, and that, because of this fact, it has been proved un- 
successful. The physical examination standing alone is worth but 
little, and could easily be made a subject both of ridicule and dissension 
unless the company having such examination shows its own good faith 
in promoting a thoroughly better health program. 

It is easily seen why a workman would resent his employer expecting 
him to be physically fit, if at the same time the employer provides un- 
healthful, unsanitary, working conditions, or if the town in which the 
employees are expected to live is dirty and unkempt. One mocks the 
other. The employer cannot say, ^'You must remain healthy so that 
I can get by with unhealthy conditions.’^ But if working conditions 
are as good as can be obtained to keep men well, the employer can ask 
his men to be in a healthy condition. 

A state examination and standard would have many difficulties, 
owing to the fact that a man would pass or would not pass the standard 
set, thus eliminating the discretion on the part of the employer in placing 
men whose physical condition might well permit working in one place and 
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not in another. Any physical examination that is run for the purpose of 
eliminating the physically unfit is unjust, both to the worker and to 
the nation as a whole; a state examination would make a distinct dividing 
line, whereas examination by the employer is conducted with a vision of 
the positions available. 

The workman’s opposition to the physical examination comes from 
the fact that he has been taught to believe that it is an interference in 
his personal affairs, that he can be clean or dirty as he chooses, that he 
can be healthy or unhealthy, and that it is nobody’s business but his 
own. The war has taught us, however, that the individual is no longer 
the unit and that all such propositions must be based on the greatest 
good for the greatest number. 

The opinion of workmen regarding the physical examination has 
changed within the last year, with the change of attitude of Samuel 
Gompers. As chairman of the Committee on Labor, he recommended to 
William B. Wilson, Secretary of the Department of Labor, that medical 
examination of applicants be made one of the functions of the government 
labor recruiting agency, reported in the Government Official Bulletin 
of Aug. 15. This recommendation was the outcome of a conference held 
in New York on July 15, and embodies the consensus of opinion by 
experts on the subject representing the laborers, industrial physicians, 
and public-health workers. The resolution stated that it was the sense 
of the conference that a physical examination of workers is primarily 
a measure of health conservation and also essential to maximum produc- 
tion, a war necessity, in that the purpose of a medical examination is 
not to eliminate the worker from industrial service, but to adapt him to 
the work for which he is physically fitted. 

The standard examination card appears to conform closely with the 
examination card that has been in use for some years by some of the min- 
ing companies of Arizona, including the Copper Queen Branch of the 
Phelps Dodge Corpn., the Calumet & Arizona Mining Co., and the Shat- 
tuck Arizona Mining Co., all operating in the Warren District. It deals 
with such subjects as laboratory diagnosis, general deformities, malnutri- 
tion and glands, diseases of the eye, ear, nose, throat, lungs, heart, nerves, 
and such general matters as hernia, hemorrhoids, and evidehces of 
acute venereal diseases. 

Indicating the possibilities in the plan, Mr. Gompers said: There 
can be no question as to the wonderful effects such a movement as here 
proposed will bring about. It is only a matter of time and education 
before employers throughout the country will come under the rule that 
the people generally should be examined physically, and that the examina- 
tion should be standardized.” 

The experience of the companies of the Warren District with the 
phj^ical examination is that it has without a doubt led to very much im- 
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proved conditions of health, fewer accidents, and a general improvement 
in the physical caliber of workmen, due to the fact that curative methods 
are maintained and applicants for work can be made physically better 
men by doing work suited to their physical condition. The purpose of 
the examination of these companies, as stated by Mr. Gompers to be the 
right one, is not the elimination of the unfit, but the placing of men in 
positions where they can do best for themselves and for the company. 
The fact that the Copper Queen rejected but 68 men out of 2300 appli- 
cants, in a 6-mo. period, indicates this very clearly. 
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Need for Vocational Schools in Mining Communities 

BY J. C. WRIGHT, * M. S., WASHINGTON, D. C. 

(New York Meeting, February, 1919) 

A PRACTICAL program of education for workers of the mining industries 
is being formulated by the Federal Board for Vocational Education in 
cooperation with the states in which this industry is a dominant one. 
The Federal Government last year passed a law, known as the Federal 
Vocational Education Act, that provides for the promotion of vocational 
education and for cooperation with the states in the promotion of such 
education in agriculture and trades and industries and in the preparation 
of teachers of vocational subjects. 

More than 1,000,000 men in the continental United States are 
employed in mines and quarries. The following table, from the 1910 
Census Report, shows the relative importance of mining and manufac- 


turing pursuits: 

Manufactures Mines and quarries 

Employees 7,405,313 1,109,410 

Capital...., $18,428,269,706 $3,380,525,841 

Value of product $20,672,051,870 $1,238,410,322 


Of the more than 1,000,000 men employed in mining, almost three- 
fourths are engaged in the production of bituminous and anthracite 
coal; one-fifth, in the production of copper, iron, lead, zinc, and other 
metals; and the remainder in getting out structural and miscellaneous 
materials from quarries. The meeting of the needs of the coal-mining 
industry, therefore, is the problem of greatest importance in the point 
of numbers to be served. Moreover, the dangers in coal mining are 
greater than in metal mining. 

Practically all states have set up educational and technical standards 
for the position of foreman, boss, superintendent, etc., and every applicant 
for these positions must have a certificate of competency. The quali- 
fications, too, are becoming increasingly difldcult in the field of technical 
information. In some states, every miner must have a certificate, 
which is issued by the mine examining board only after an oral 
examination. 

Did these state laws not call for definite and comprehensive plans for 
the. vocational education of men in the mining regions, the conditions 
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under which coal and the metals are today brought out of the ground 
and made ready for the market would of themselves demand systematic 
practical training for those engaged in such large and increasing numbers 
in this important industry. Furthermore, since mines and smelteries are 
often distant from other industries and civic organizations, the respon- 
sibility of employers for the welfare of their employees is greater than 
in most other industries; by the nature of the enterprise, they must 
assume many of the burdens of public education and social betterment. 

Previous to the present war, an increasing number of non-English- 
speaking men were migrating to mining comminities. These were 
often experienced miners from Europe but were unable to read, write, or 
speak the English language. Preliminary and fundamental to vocational 
training, therefore, in many mining communities, is an effective course of 
instruction in the speaking and reading of English. In most mining 
districts, this need is understood and is beginning to be met by the public 
schools or by classes established by the employers. In far fewer in- 
stances, however, is it realized that the good of the community, as well 
as the welfare of the industry, calls also for evening classes, part-time 
classes, and, in some cases, day schools designed to give all empjoyees 
sufl&cient technical knowledge to insure their own safety and that of their 
fellow-employees, and to provide, for the more ambitious boys and men, 
opportunities to fit themselves for state examinations, or to advance 
themselves in other ways. 

The usual state school of mines is organized, very properly, as an 
engineering institution to train leaders in the industry. The course of 
study requires for entrance the completion of a four-year high-school 
course. Few of those employed in or about the mines, however, have 
even entered high school. Statistics for the State of Illinois show 
that, for every 1000 men, 251 had completed the fifth grade, 680 left 
school between the sixth and eighth grades, and 69 had completed more 
than the eighth grade. 

A few state schools have been organized as miners^ institutes and 
have offered courses of less than college grade. For example, the Illinois 
Miners and Mechanics Institute, as a means of offering to ambitious 
men an opportunity to prepare themselves for passing state examinations 
for mine inspector, mine manager, mine examiner, and operating engineer, 
offers: A two-year course of systematic instruction at mining centers; 
unit courses in mining towns; short course at the university; coopera- 
tion with existing organizations, such as the State Mining Board and 
inspectors, the Mine Rescue Station Commission, officials and locals of 
the United Mine Workers, the United States Bureau of Mines, high 
schools and grade schools, libraries in mining towns, first-aid or other 
local organizations, and the Y. M. C. A.; also, as special activities, 
organization of local institutes, question and answer department, travel- 
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mg jibraries, laboratory equipment, etc., work for non-Englisb-speaking 
minens, correspondence courses. 

Owing to the failure of the necessary appropriation, this excellent 
work is suspended; and while other states are doing excellent work in 
this field, their efforts are sporadic, uncertain, and not coordinate. It 
would seem, then, that this field invites the cooperation of the Federal 
Government with the mining states and their local communities to 
promote methods of vocational education that will make better workmen, 
a more certain source of supply for positions of responsibility, and greater 
stability in the personnel of the working forces in the mines. Such 
cooperation is now possible under the terms of the Vocational Education 
Act. 

The Federal Board is already cooperating with certain states in 
making surveys of typical industries. During the past year the agent 
for trade and industrial education in the West Central States held a 
number of conferences in mining communities with mine superintendents, 
foremen, and employees in an attempt to discover the kinds of schools 
and the type of instruction that the Federal Board might approve for 
vocatignal schools. 

Under the terms of the Federal Act, three kinds of vocational schools 
may be organized: 

The All-day School is intended to give to those who have not yet 
entered employment instruction that will enable them to receive advanced 
standing when they enter an industrial occupation. Pupils must be 
over 14 yr. of age and the school day must cover not less than 6 hr., 
three of which must be in work on a useful and productive basis. The 
all-day school organized in cities of over 25,000 presupposes that the 
pupil has selected a single trade for which he seeks entrance preparation. 
In cities under 25,000, and it is only with these smaller communities 
that mining is concerned, the length of the term may be shortened and 
the course of study varied so that several kinds of shop work may be 
included. 

The Part-time School is organized for not less than 144 hr. per year 
and for pupils over 14 yr, of age. Instruction may be such as to in- 
crease the general civic or vocational intelligence of the pupils. Part- 
time schools for those who have entered employment may give trade 
preparatory, trade extension, or general continuation-school instruction. 

The Evening School receives only pupils over 16 yr. of age and offers 
courses that supplement the daily employment of the individual. 

These schools may be organized to meet the needs of those emoloyed 
in and about mines in underground occupations as trappers, muckers, 
timbermen, roadmen, diggers, etc. The occupations above ground do 
not differ greatly from corresponding occupations in other forms of 
industry. 
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A thorough study of the mining industry is needed to analyze the 
occupations, specify the operations that the individual must perform, 
list the technical information the individual must possess as an efficient 
workman, and prepare a course of study. As a result of the preliminary 
investigations already made, schools are being organized in the States of 
Oklahoma, Colorado and New Mexico. Reports from states in other 
regions indicate that similar schools are under way in Idaho, Nevada, 
West Virginia, Pennsylvania, etc. During the coming year, it is hoped 
greatly to extend the work. 

The problem before the Federal and State Boards is one that requires 
the cooperation of the local community, employer and employee, and 
various mine organizations such as the American Institute of Mining 
Engineers, the American Federation of Labor, etc. This preliminary 
statement is made to stimulate discussion among those immediately 
concerned and to secure their suggestions and their active interest. 

DISCUSSION 

J. C. Wright. — The problem of organizing and maintaining a voca- 
tional class for those employees who are engaged in the mining industry 
depends on several most important factors. The first is the sympathetic 
cooperation of employer and employee; the second is to find the sub- 
ject matter that must be presented to these men; and the third is to find 
the instructor who can present that subject matter. This is perhaps the 
most difficult, for we usually find a man who knows the material that is to 
be presented but is not a teacher or does not know how to organize his 
material. The man must know the subject matter from the standpoint 
of absolute contact with industry in order to be a successful teacher. 

I have come into contact with two kinds of schools organized in con- 
nection with mining occupations. In one type the instruction leans very 
largely toward elementary subjects, arithmetic, reading and writing and 
spelling; it is not of such a character as to help or improve the working 
man in his occupation in the sense that we are attempting when we speak 
of vocational education. In the other type of school, an engineer is 
usually employed as a teacher. He immediately begins to give the things 
with which he is most familiar and the instruction becomes such as only 
those who possess a high-school or college education, perhaps, are able to 
receive. In between these two schools is the school we are trying to 
promote, a school that will meet the needs of those employed. 

Marguerite Walker Jordan,* Altoona, Pa. — Vocational education 
has become the business man's problem; for he is the keeper of that white 
elephant, labor turnover, and anything that will decrease the size of the 
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monster is Worthy of serious consideration. This vocational education 
can do; for it can supply many of those deficiepcies in upbringing and 
environment that make for the discontent and restlessness of our varied 
classes of unskilled labor: the Anglo-Saxon mountaineer; the Southern 
negroes who have crossed Mason & Dixon^s line by the thousands, 
^‘searching satisfaction for our minds;’' and the still greater number 
who have sought across the sea America, ‘Hhe promised land.” 

For no one is this question of discontented labor more acute than for 
the coal operator, especially because the mining industry, by its very 
nature, offers unattractive home environment. The timber has been 
largely stripped and many of the streams look like liquid coal. Huge 
waste heaps, barren hills, grimy red and gray houses help to make a 
landscape that is monotonous and dreary. Working away from the sun- 
light is not particularly conducive to mental or moral advancement. 
Add to this the lonesomeness of the job, time to think and little to think 
about but grievances, and the fact that the element of danger is always 
present. Is it any wonder that the miner returns at night, gloomy and 
irritable, to his unsightly home and half-cooked meal? 

Here at once vocational education can remedy much, with its dom- 
estic-science courses. The oldest of the world’s arts, home-making, is 
still strangely new to the vast majority of those who assume life’s gravest 
responsibility without the least training. Contrary to the average man’s 
opinion on the subject, women are not born knowing how to sew or cook. 
We catch influenza and other things, but we do not catch home-making. 
If the wife of the wage earner knows anything about it, it is because her 
mother knew ; and if that mother was a peasant of Southern Europe, a 
mountaineer, or a cotton field “nigger,” her chances are slim. It is usu- 
ally almost as much a matter of individual discovery as if she were living 
on a desert island, but when eggs are 80c. a dozen, Robinson Crusoe stuff 
comes pretty high. The ordinary domestic-science course of the public 
school offers little aid to this condition, for familiarity with electric equip- 
ment and white marble-top tables gives one no sense of poise when she 
meets a kitchen equipment consisting solely of a two-eyed coal stove and 
a frying pan. 

Nor are the public schools much more adequate in developing general 
intelligence. In a recent issue of Coal Age I read this: “Let the teachers 
be instructed by mine officials, to maintain a high standard of ordei 
and cleanliness in the school.” But what of the fact that 350,000 oi 
our teachers are less than 19 years old; that two-thirds of these have 
not completed the eighth grade; that a large majority of these are 
teaching in mining villages, where “them shoes” and “has saw” h 
good school English? Moreover, we pay the average school teacher lesi 
than a day laborer. Our national chewing-gum bill is larger than ou; 
educational bill. Can the coal operators look for community improve 
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ment through such instruction? Yet children at the rate of million a 
year are leaving these schools to enter industry, children with prac- 
tically untrained minds. Naturally, the child and the industry can 
profit in only a small degree from the instruction of the foreman. 

Industry suffers, too, because our schools fail to realize that learning 
to work and working can become an affair of absorbing interest. Dis- 
regard of this work instinct of the child — which is first expressed in play, 
visualized and acted from the local industries — means abnormal and 
curtailed development; and this is the beginning of our misfits, unfits, 
the lame ducks of industry. In contrast to this there is the story of a 
little girl in one of the mountain schools who had a job of making beds. 
One day she was not feeling very well and was told that unless she felt 
much better she need not get up in the morning. 

she said, ^‘I^m aimin^ to be stirrin' soon; hit's Saturday, and I 
wouldn't trust anybody else to put clean sheets on the beds." 

As far as my limited experience in industry is concerned, that spirit 
of responsibility is the thing mine owners are in greatest need of; and, 
contrary to former opinions, we have learned that it won't ^^just grow." 
This very spirit is a product of vocational education. 

There is excellent precedent for vocational education. In 1642, 
parents and masters were warned ‘Ho give their workers training in em- 
ployments which wmuld be profitable to themselves and to the Common- 
wealth." England now demands 8 hr. per week of vocational training for 
all workers under 18, as well as for unskilled employees above that age. 
This is done on company time, and in this way will England maintain its 
supply of skilled labor. France, also, has compulsory training in all 
shops. Our own vocational schools demonstrated their possibilities by 
training thousands of army mechanics in a short time. Many of Amer- 
ica's industries have adopted vocational work, and the Smith-Hughes Act 
makes it possible in all industries. 

Other things being equal, a man of the mines is the ideal teacher, and 
if he is man enough for the job, the difficulties will iron out. When a 
person is hired for the work, it ought to be understood that it is not a two 
hours a night" job, but a job to which is to be given all the time necessary 
to do a good piece of work. The school needs an executive head, with 
time for organization, and one with an understanding of community, 
individual, and industrial needs. Just as in any business, there must be 
care used as to its establishment, and such a job cannot be wished on the 
already over-busy school superintendent. 

The vocational school is in reality a business and must take the point 
of view that if it is going to do business it must adopt aggressive methods 
of advertising. Of primary importance is the necessity of presenting the 
work solely from the standpoint of utility. The fact that 50,000 men 
have enrolled in mining courses of correspondence schools shows the 
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demand when the value is understood. The time and interest of a 
miner is limited, and the work must be so organized that he can easily 
get what he needs. The experienced workers have judgment based on 
first-hand knowledge; they know by experience what the trade demands of 
them and what are their deficiencies; they know what things are assets 
and what things are not. For this reason the courses for experienced 
and inexperienced workers differ. Classes should be grouped according 
to age as well as mental capacity. The evening schools in the British 
Empire were a failure for years largely through the grouping of men and 
youn^ boys in the same class. There cannot be the ordinary school 
standards. The entrance qualification is fitness to profit by trade 
instruction. 

The guiding thought to be held throughout the course is the neces- 
sity of making the man do the maximum amount of thinking to meet 
a present, not a future, need; for he will not submit to a preparatory^ 
drill. Therefore, the necessity for the short unit course. For instance, 
to automobile mechanics a course could be given in five lessons in 
testing and experimenting on lubrication. Such a short course compels 
direct and intensive training; thus the effort of the pupil is concentrated 
upon one subject and not dissipated among several. The result is more 
regular attendance, more intensive work, and a corresponding gain in 
efficiency. Of course, there can be several short unit courses, arranged 
in sequence, each giving its own certificate. The knowledge of a 
definite accomplishment is a greater incentive, and the state examina- 
tions are another. 

Textbooks are difficult, largely because ^Hhey ain’t none;” the bulle- 
tins furnished by the Bureau of Mines are possibly the best. Due to 
greatly varied conditions, it would be unwise to map out a standard 
course. A careful study of the equipment available, both in schools and 
in private establishments, often reveals unexpected sources of supply and 
will determine the courses that can be given to advantage. 

Labor is the largest cost factor in nearly all kinds of production. 
We know, for instance, that to maintain a force of 1000 men costs annu- 
ally from $100,000 to $200,000. Therefore, it is obviously even wiser to 
improve our labor than it is to improve our machinery. It is on this 
basis that vocational education can be justified as a corporate activity. 
The Federal Board comes forth with a very liberal offer of aid; yet it does 
not propose to dictate to the operator what sort of training shall be given 
to his miners. It specifically states that no sort of training will be forced 
upon him. He himself will define the training to be given, by simply 
stating which of his needs he cannot provide for by any^system of shop 
training. 

The average employer in the United States has accepted without 
question the general proposition that he has nothing to contribute to 
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educational work. He has looked upon schooling, together with the 
professional schoolman, as something set apart from real life. Now, 
however, is his opportunity to make a contribution of very real value to 
education. The methods of vocational education are being developed; 
the mine owner is asked not to sit back and wait for the vocationaJ 
school product to come and then find out that it is not what is need^. 
The producer (the school) and the consumer (the employer) must get 
together now, in the formative period, and agree on the kind of training 
needed and how it can best be given; then encourage the boys to take the 
school training by giving them a chance to make good. It is discouraging 
for a boy who has given several years to a course of training in a trade 
school to start on the same level as a boy from the street, who has had no 
training whatever. Do not sidestep by saying, ^^If he is any good he 
will come up to the top.” He may, if he has a chance and is not lost in 
your organization. If the school is any good, encourage those who take 
the training by recognizing its value when they come to you for employ- 
ment. If it is not what it ought to be, take an active interest in it and 
help make it what it should be. It will pay in satisfaction and in dollars 
and cents, for it will give the student a distinct advantage in the market. 
Success is conditioned upon the development of a degree of ejficiency equal 
to, if not surpassing, the degree attained by competitors. Do the mine 
owners of America want to utilize this fund for improving the efficiency 
of their own employees, or shall the Federal appropriation be turned back 
into the Treasury as not wanted? 

It has been said that there is hardly a kind of agony on the modern 
battlefield that has not its counterpart somewhere in our economic 
struggle. Can we not face this struggle in the same high spirit with 
which we faced the struggle of arms? While it is true that the war re- 
leased the lowest and grossest traits of humanity, it also tapped well- 
springs of spiritual strength, of idealism, of self-sacrifice, of service and 
devotion at which cynics and pessimists and criminal minds of the world 
have stood aghast. Are we to lose all this because the war is over? 
The value of cooperation has been demonstrated as never beforexthe 
twentieth century has made us into a brotherhood; and the very industrial 
relations that offer exasperating chances for misunderstanding, discord 
and collision, offer also noble opportunities for that greatest of under- 
takings, the upbuilding of humanity. 

E. A. Houbrook,* Washington, D. C. (written discussionf). — My 
purpose in discussing this paper is to emphasize to the members of this 
Institute the fundamental and far-reaching changes in the present ideas 
of training miners, which this nation-wide plan of vocational education 
soon will put into effect. Any mining company, knowingly or unknow- 
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ingly, is under considerable and constant expense in breaking in new 
men. Today every man going underground for the first time must learn 
from haphazard contact and chance, little by little, the duties of his 
vocation and how best to guard himself against the peculiar dangers and 
conditions underground. The army has shown what it is possible to do 
in the way of concentrated training of a group of men in any chosen 
vocation. When vocational schools are established in every important 
mining community, it will mean a uniformly high standard of knowledge 
of his duties by every man who calls himself a miner. 

In mining communities in the United States, efforts in vocational 
educational lines have heretofore often been isolated, irregular, and con- 
fined to a few of the largest mining communities, or carried into effect 
by a few of the larger mining companies. Often, the man employed 
as teacher has been chosen for his qualifications as a school man, and 
with minimum regard for his ability and practice in the vocation he 
teaches. In some cases there has been an effort to make a partly trained 
engineer of the student, rather than a first-class craftsman at his trade. 
In other cases, universities and states have, or are working on, first-class 
standards of vocational education. Considering the great extent of the 
mining industry, and the inadequate sums of money hitherto allotted for 
the purpose of vocational education, the efforts have not reached the 
great body of miners in every state, which is now possible under Federal 
supervision and aid. 

Consider the problem from a purely economic viewpoint. Our 
mines are every day getting deeper and larger, and machinery is con- 
stantly replacing hand labor. These improvements in mechanical and 
electrical appliances have increased the complexity of the trades belonging 
to the mining industry and necessitated a greater knowledge in the 
workers. On the other hand, this introduction of machinery means 
that we are no longer wholly dependent for manual labor on the skilled 
American miner and the immigrant from Britain and the north of Europe, 
who in many cases come from families who have been miners for genera- 
tions. Of the Scotch, English, and Irish miners in this country, 92 per 
cent, were miners in the old country. The use of machinery has enabled 
men to gain employment in mines as loaders for mining machines and in 
other underground occupations, whose only qualification is that of a 
laborer. Thus, the last 20 years has seen a tremendous influx of south 
Europeans into our mining industry. These men have had no experience 
in mining, generally having been agricultural laborers; for example, 
only 3.6 per cent, of the Lithuanian and 7.3 per cent, of the Russian 
miners in this country had previous mining experience.^ The employ- 
ment of these men underground must ever be a menace. 

^Statistics from the Study of the Immigration Commission in 1910; an exhaustive 
report, which includes the immigrant in the mining industry. 
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Mining is a hazardous occupation. Mr. Wright states that the 
dangers in coal mining are greater than in metal mining. Although this 
is the generally accepted idea, a study of the accident statistics of the 
Bureau of Mines reveals that for the last 7 years, 1911 -to 1917 inclusive, 
of about 700,000 men engaged in coal mining 3.38 per thousand employed 
were killed each year; in the metal mines during the same period, of about 
175,000 men engaged, 3.79 per thousand per year were killed. Statistics 
compiled from the report of the mine inspector of Pennsylvania for the 
years 1915 and 1916 combined show that the miner of so-called south- 
European races was, in proportion to the number engaged, nearly twice 
as liable to meet with fatal accident as the native and foreign miner of the 
English-speaking races. If education in his vocation were to put this 
man on a level of skill equal to his more fortunate brother, there would 
be a great saving to the mining companies of many millions of dollars 
spent in compensation insurance, in the cost of hiring and firing men, 
and in increased efficiency of the workmen. In addition to this financial 
saving, there would be a tremendous gain to the country on account of the 
good-will, contentment and loyalty gained by Americanization of the 
foreign miner. 

The work of the various mining companies in having elaborate safety 
organizations and in conducting safety propaganda, which appeal to 
the eye and ear of the miner, and the work of the Bureau of Mines in 
promoting safety measures, must be considered partial expedients looking 
to the time when fundamental education in the trades shall make the 
man of the new generation more skillful than the present, both in his 
work and in handling himself underground. It must be, then, to the 
interest of every mining company to actively help this vocational work 
through the introductory stages. 

Charles F. Willis,* Bisbee, Ariz. (written discussionf). — There 
are few mine officials who will not say that there is great need of voca- 
tional schools in mining communities, but the absence of success of so 
many of these ventures makes them wary about establishing such schools. 
They have neither the time nor the facilities to study the systems and to 
analyze the factors that have made certain schools a success and others 
a failure. 

In the first place, it is difficult to secure the proper instructors. Educar 
tors cannot make the appeal to the workmen, because of their lack of 
experience, and experienced men who are capable of the appeal are not 
usually educators, knowing nothing about the presentation of the 
ject. Then, too, there is ordinarily no objective in a mine school. The 
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workman not reacted by a school that makes him merely a more 
valuable ^nan to his employer, unless he can participate in the gain. 
An objective, as promotion or financial gain, would appeal to the man and 
would make for regular attendance. 

Usually vocational schools are run like all others— a number of subjects 
at a time, continued from one day to another. This is impractical for 
the workman, whose mind cannot work like the mind of a school boy. 
The school boy is spending most of his time in school work, while the 
man is doing it as a side issue, and he cannot be expected to pick up to- 
night’s lesson where last night’s left off. The workman is accustomed 
to the idea of completing a job and doing one thing at a time; his mind 
is trained that way, and for this reason a school that works on the prin- 
cipal that each lesson is a complete job, with no reference to the previous 
or following lesson, will go a long way toward removing one of the things 
that has caused many failures. 

The usual vocational schools in mining communities are either very 
elementary, or are run by the engineering staff and, consequently, are 
too advanced. There is no plan between. It is believed that there is a 
possibility of a halfway type, but this is a subject that is large enough 
for a paper by itself and is entirely too broad to be presented as a 
discussion. 

Another important feature in the discussion of the establishment of 
vocational schools is the number of sessions per week. The teacher be- 
lieves that they should be often and continuous; it is usually forgotten 
that the has other obligations, social and recreational, and that he 
cannot live for work and school alone. He is going back to study after 
years of doing something else evenings, and he cannot suddenly change 
his habits and eliminate all other activities, which, through years of 
use, have become a part of his life. If anything is to be dropped, it 
will be the newest thing, the school. The man who has developed 
none of these social and recreational habits is not the type of man that 
can be reached by any school. 

The lecture method of instruction expects the ordinary workman to do 
something that many men with years of training cannot do: grasp the 
spoken words and retain them. Text-books used in mining vocational 
work are written for college use and are generally beyond the compre- 
hension of the workman. Moreover, no text-book, or even a dozen text- 
books, covers the whole subject, and the expense is a serious consideration. 

This discussion is not intended to decry the movement for vocational 
education, as the writer believes it is perfectly possible to work out a 
vocational-school plan that will consider the above difficulties, but the 
question should be carefully studied in order that progress may be made 
by eliminating the reasons for former failures. 
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J. C. Wright (author’s reply to discussion*) —It is true that so- 
oalled vocational schools for miners have failed to function to a very 
large degree. Mr. Willis has mentioned a number of the factors to be 
charged with the responsibility for this failure. These factors may be 
summarized as: 

1. A failure on the part of those responsible for the instruction to 
analyze mining occupations as the first step in determining the character 
of the subject matter to be given. 

2. A lack of teachers possessing the necessary qualifications. 

3. The failure on the part of those in charge of these schools to relate 
the instruction to mining occupations and to organize the subject matter 
on a short unit basis. 

4. The failure to secure qualified teachers. 

5. School organizations that have attempted to make the vocational 
mining schools parallel either academic schools or mining engineering 
schools, the one resulting in instruction of a purely academic character 
and the other in instruction too far advanced and too technical to be 
assimilated by the great body of those employed in mining occupations. 

6. A lack of text-book and reference material written in a simple 
style, suitable for men who possess less than an elementary school 
education. * 

The provisions of the Vocational Education Act, as well as the policies 
of the Federal Board, have in many ways provided the necessary safe- 
guards to prevent frequent repetition of the above undesirable factors. 
Some of the safeguards around which the Act was framed and the policies 
and activities of the Federal Board affecting the above factors are: 

1. A study and investigation of the field of vocational education in 
mining communities has been under way for several months. This 
investigation is being made by A. C. CaUen, as special agent for the 
Federal Board. It is expected as a result of this survey to have pub- 
lished and ready for distribution by the next fiscal year the following 
bulletins: A general bulletin on organization and administration, and 
an outline of short unit courses in which classes may be organized; a 
bulletin on mine gases; a bulletin on mine ventilation; a bulletin on 
mine timbering; and a bulletin on safety lamps. 

The subject matter of the bulletins is being prepared by individ- 
uals who have been selected because of their intimate knowledge and 
experience in mining occupations from the standpoint of a skilled em- 
ployee. In addition, a study is being made of the occupations above 
ground for which training may be given. 

2. Under the terms of the Vocational Edycation Act, each state has 
a state Board for Vocational Education charged with the responsibility 
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of disbursing Federal funds in the training of teachers for vocational 
schools or classes, and in the promotion of evening, part-time, and all-day 
vocational schools. Under this Act^ the qualifications of a teacher in 
an evening, part-time, or all-day class who is to give technical or shop 
instruction in mining require that he must be a man of practical experi- 
ence gained through actual participation in mining occupations. These 
qualifications are such that an individual selected as a teacher of classes 
in mine ventilation, mine gases, and mine timbering must be a workman 
with more than average intelligence and experience in these subjects as 
they relate to mining. A mining engineer without practical experience 
would not be satisfactory. 

3. All of the foregoing bulletins are being prepared so that instruction 
may be given on a short unit basis. The individual may attend the class 
for a definite number of evenings and complete a course in shot firing, 
in mine timbering, in mine ventilation, or on safety lamps. 

4. Each State Board is required to set up in its annual plan the 
qualifications of the teachers who will be employed in the schools or 
classes for which Federal aid is asked. In all states, these qualifications 
are based on the experience of the teacher in industry, on his technical 
knowledge of the industry, and on his ability to instruct. Recognizing 
that workmen drawn from the occupation are without skill as teachers, 
each state has submitted plans for training teachers for these schools. 
This training may be given in evening instruction, by correspondence, 
by itinerant teacher training, or by resident instruction at institutions./ 

5. The Vocational Education Act requires that all instruction in ap- 
proved schools must be of less than college grade. It is therefore im- 
possible to approve work of the grade usually given in engineering 
institutions. The Act also provides that all instruction must be given 
in separate and unmixed classes. 

The above safeguards have been thrown about the Federal Vocational 
Education Act in order to make the instruction effective and in order 
to direct it toward the seven or eight million men and women employed 
in trade and industrial pursuits. 
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Engineering Work of the National Research Council 

BY HENRY M. HOWE* 

(Milwaukee Meeting, October, 1918) 

1. The purpose of the National Research Council as organized 
for war purposes is twofold, to stimulate those outside its own personnel 
to conduct researches of importance for winning the war and to carry 
on such researches through its personnel to a limited extent. How this 
is done is explained in Section 10. “Research” is used here in a very 
broad sense, including, for instance, inventing and developing mechanical 
and physical devices. 

The need of this work arises from the inevitable concentration of most 
of the governmental war agencies on the production and transportation 
of war materials of the types now adopted, as distinguished from devising 
new kinds of instrumentalities, such as armor, guns, aircraft, and ap- 
paratus for detecting, locating, observing, signaling, transporting, and 
many other military purposes. But it is important that we should devise 
new agencies. The war came near being won by an invention, the sub- 
marine, and its course has been affected greatly by two other inventions, 
tanks and aircraft. In spite of our numerical superiority victory may 
well be snatched from us by an invention, if we allow Germany to out- 
strip us in inventing. Hence the importance of the Council’s work in 
mobilizing and organizing the services of the patriotic civilian experts 
throughout the country, so as to bring their powers to bear on important 
war problems and on inventing war devices, as an adjunct to the develop- 
ment work of the regular governmental bodies. 

2. Status of the Council . — Though President Wilson’s request caused 
the Council to be created in 1916 by the National Academy of Sciences 
under its congressional charter; though his executive order of May 11, 
1918, directs the heads of “Governmental departments immediately 
concerned” to “continue to co-operate with it in every way that may 
be required;” and though the Government has contributed largely to its 
financial support; it is not a department of the Government but an in- 
dependent research body, aiming to evolve the necessary mechanism for 
the novel work of systematic stimulation and guidance of research. 
Thus the Government, which instigated the creation of the Council, 
recognizes and collaborates with it, and in part supports it. 

The Council acts moreover as the Department of Science and 
Research of the Council of National Defense. 


Chairman of the Division of Engineering of the Council. 
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3. The war organization consists of nine divisions, as follows: 

I. Division of General Eelations. 

'II. Military Division. 

III. Division of Engineering. 

IV. Division of Physics, Mathematics, Astronomy, and Geophysics. 

V. Division of Chemistry and Chemical Technology. 

VI. Division of Geology and Geography. 

VII. Division of Medicine and Eelated Sciences. 

VIII. Division of Agriculture, Botany, Forestry, Zoology, and Fisheries. 

IX. Eesearch Information Service. 

4. The Organization of the Division of Engineering . — It is made up 
of four sections as follows: 

1. Prime Movers. L. S. Marks, Chairman. 

2. Mechanical Engineering. W. J. Lester, Chairman. 

Committee: 

Fatigue of Metals. H. F. Moore, Chairman. 

3. Metallurgy. Bradley Stoughton, Chairman. 

Committees : 

Helmets and Body Armor. Major Bashford Dean, Chairman. 

Ferro-Alloys. J. E. Johnson, Jr., Chairman. 

Steel Ingots. Lt. Col. W. P. Barba, -Chairman. 

Pyrometer. George K. Burgess, Chairman. 

Improvement of Metals by Treatment at a Blue Heat. Zay Jeffries, 
Chairman. 

4. Electrical Engineering. C. A. Adams, Chairman. 

Committee jointly under Metallurgy and Electric Engineering; Electric 
Welding of Ships. H. M. Hobart, Chairman. 

We expect to organize additional committees in the near future. 
These sections are directed by an Executive Committee consisting 
of the Chairmen of the Division and of the four Sections. 

In addition there is an Advisory Committee consisting of : 

Van H. Manning 
Pope Yeatman 
D. W. Brunton 
Ambrose Swasey 
George S. Webster 
Philip N. Moore 
John R. Freeman 
C. A. Adams 
A. A. Stevenson 
W. B. Price 
Edward P. Hyde 


' U. S. Bureau of Mines. 

War Industries Board. 

Naval Consulting Board. 

Engineering Foundation. 

Officially American Society of Civil Engineers, 
representing American Institute of Mining Engineers, 
the American Society of Mechanical Engineers. 

American Institute of Electrical Engineers. 
American Society for Testing Materials. 
American Institute of Metals. 

> Illuminating Engineering Society. 


W. H. Burr 
Gano Dunn 
George C. Stone 
W. R. Walker 
F. M. Waring 
L. B. StiUweU 


Members at large. 
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The Advisory Committee meets at intervals to direct the general 
policy of the division. All the other committees are actively engaged 
on their several problems, though one of them has been delayed by ill- 
ness and other complications. 

5. The sources of our problems are very varied. Some come from 
various governmental bodies, some from the industries and the engi- 
neering societies, some from inventors and the general public, and some 
from our own staff. 

Problems and projects the solution and development of which promise 
to be useful either for war or peace, for industry or for science, are our 
grist. By sending them to us this Institute and the engineering profes- 
sion in general will enable us to broaden our service to them, and indeed 
to mankind. So, too, we welcome offers of cooperation from professional 
experts, whether through work done in their libraries and laboratories, 
through sending us important data, or otherwise. 

6. Researches by Experts Outside of our Personnel, — ^Let me illus- 
trate these by means of certain researches which the Section of Met- 
allurgy has in hand. 

The winning of the war is retarded appreciably by the delay caused 
by the rejections in making certain important kinds of forgings, such as 
shells, crankshafts, cannon, etc. These rejections are due chiefly to 
faulty procedure in making and forging the steel ingots themselves. 
The faultiness exists because the rapid increase in the demand for such 
ingots has led many into this manufacture without suflBcient experience. 
The problem thus is ^^How can we bring the procedure of the relatively 
inexperienced up to that of the best makers?” We are trying to solve it 
by means of our Steel Ingot Committee, composed of men who are recog- 
nized by all as among the most capable experts on this subject in the 
world, under the chairmanship of Lieutenant-Colonel W. P. Barba, him- 
self one of the highest authorities. It contains representatives of the 
Ordnance Department, the Bureaus of Standards and of Mines, Beth- 
lehem, Midvale, the United States Steel Corporation, the Illinois Steel 
Company, the Crucible Steel Company of America, and the Standard 
Steel Company. We may strengthen this committee still farther by 
adding to it French and British experts of like eminence. 

We expect this committee to prepare a set of detailed directions 
constituting “ Recommended Practice.” Appearing over names of such 
weight it should immediately become standard. Its existence should 
not only instruct the manufacturers needing instruction, thus reducing 
the personal equation to a minimum, but also strengthen the hands 
both of those drawing up contracts and of the inspectors who enforce 
them. Moreover it should do this at one motion for all branches of the 
Government. 

7. Pyrometry. — One of the points on which definite instruction should 
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be given for this very matter of ingot making is the temperaWre of the 
molten metal in the open-hearth and electric steel furnaces. Because 
no pyrometer for determining this temperature exists, a necessary step 
in our evolution is to devise one. This, though in part a question of 
pyrometry, is also in large part one of refractory materials. 

To solve this problem a committee has been formed under the chair- 
manship of Dr. George K. Burgess, of the Bureau of Standards, and with 
representatives of Leeds & Northnip for pyrometry; of the Norton 
Company, the Joseph Dixon Crucible Company, and the Harbison- 
Walker Refractories Company for refractory materials; and of the Mid- 
vale Steel and Ordnance Company and the Taylor Wharton Iron and 
Steel Company for steel making. These two steel making companies 
have placed their open-hearth and electric furnaces at the disposal of 
the committee for this work. 

8. Our other committees are working in like manner on problems 
of immediate importance for war-winning. Thus the Committee on the 
Fatigue of Metals, under Professor H. F. Moore, of the University of 
Illinois, is directing its study toward the endurance of aircraft crank- 
shafts and of the electric welds in welded ships. That on Ferro-alloys, 
under J. E. Johnson, Jr., is studying the saving of manganese along three 
distinct lines, that of bringing the work of the least successful smelters 
up to that of the most skillful ones, that of replacing part of the mangan- 
ese used in steel making with other deoxidizing agents, and that of lower- 
ing the manganese requirements of existing engineering specifications. 

This work incidentally calls for the determination of many melting 
points of the combinations of oxides resulting from the substitution of 
other deoxidizing agents for manganese. A large number of research 
laboratories at many educational institutions and industrial works are 
collaborating in this difficult work. 

This general study is carried on jointly by this committee and the 
United States Bureaus of Mines and of Standards and the Geophysical 
Laboratory. 

The study of the treatment of metals at a blue heat is in the hands of 
a committee headed by Dr. Zay Jeffries, Director of the Research De- 
partment of the Aluminum Castings Company, which has contributed 
so much to the development of our aircraft. This difficult study 
promises results of great value. 

9. Electric Welding , — The Committee on the Electric Welding of 
Ships, under the chairmanship of Mr. H. M. Hobart of the General Elec- 
tric Company, is making an exhaustive study of the technical and es- 
pecially the metallurgical problems which arise in substituting electric 
welding for the customary riveting of steel ships. It is a division of the 
Electric Welding Committee of the Emergency Fleet Corporation. Its 
investigations are carried on at many different works and laboratories. 
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notably those of the General Electric Company and the Bureau of 
Standards. 

10. Researches by our own personnel are illustrated by the Section 
of Mechanical Engineering, under Chairman Lester. It has long had its 
own engineers and draftsmen, and it now has in addition the laboratories 
and machine shop of the Carnegie Institute of Pittsburgh. By means of 
these the rather nebulous but attractive inventions offered us are devel- 
oped in cooperation with the Division of Physical Sciences, into definite 
concrete form, in which the military authorities may judge quickly as to 
their present and future utility. In some cases we complete the appara- 
tus fully enough for actual service tests. 

Among the inventions which this section is now developing are these: 

1. A special gun for use on aircraft. 

2. A special drive connected with it. 

3. Control for aircraft. 

4. Aircraft propellers. 

5. Aircraft fuel. 

6. Tanks of various types. 

7. Mechanism for the control of trucks. 

8. Special type of tractors. 

9. Special telescopes. 

10. Special balloons. 

11. Parachutes. 

12. Special aircraft motors. 

Military considerations prevent indicating more closely the nature 
of these inventions. 

The stages in which these devices now are vary all the way from pre- 
liminary design to nearly complete readiness for production. 

In addition we have before us many other promising proposals which 
we cannot develop for lack of funds. 

11. Government Support , — In some cases, after we have shown 
clearly enough that a given invention is of real promise, we receive an 
appropriation from some military or other governmental body to enable 
us to carry the development still farther. In other cases the research 
is taken over by some governmental body. Thus the work of the Com- 
mittee on Helmets and Body Armor was taken over by the Ordnance 
Department many months ago, and is still carried on by that organiza- 
tion and the Council jointly, its chairman. Dr. Bashford Dean, being 
commissioned as a major. This accords with our general aim of originat- 
ing and stimulating research. We shall accomplish more in the end if 
we leave to others the completion of the researches which we have led 
them to undertake. Our work is not so much to investigate as to 
cause investigation, cheerfully forfeiting the credit due the investigator 
proper. So, too, a device may be materially changed after it leaves 
our hands. 
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Mental Factors in Industrial Organization’*' 

BY THOMAS T. BEAD, B. M., PH. D., NEW YORK, N. Y. 

(New York Meeting, February, 1919) 

Readjustment of the industrial world to a peace basis after more than 
4 years of war will involve many fundamental and far-reaching changes 
that cannot as yet be clearly foreseen or definitely provided for. Such 
problems may be subdivided, in the vocabulary of war, into those in- 
volving material and those centering about personnel. Of the two, 
the latter group is the more diflScult and obscure, as the factors involved 
are less clearly understood and the methods to be followed are not yet 
tested and standardized. When it is said that the market is weak, 
stocks large, and demand Hght, every business man understands clearly 
what is meant and what course he should adopt to adjust himself, so 
far as possible, to such conditions. But when it is said that the rapid 
spread of Bolshevism in Europe is a danger to industrial organization 
in this country, it is difiicult to have any assured sense that all that the 
statement may mean is clearly understood or that the means to be fol- 
lowed to meet such a situation are definitely known. Since Bolshevism 
is primarily a mental phenomenon and since the rupture it brings about 
in industrial organization should be prevented, if possible, it is my 
purpose to restrict this discussion of the activities of the Committee 
on Industrial Organization to some of its mental aspects, as the chairmen 
of the sub-committees, from their special knowledge of their own fields, 
can best set forth recent progress in the lines with which they are espe- 
cially concerned. 

The first requisites of success in industrial organization, as in the 
biological organism of which it is the social counterpart, are unity of 
purpose and coordinated activity. Typical good and bad examples of this 
are the relative parts that the United States and Russia have played in 
the great war. These two factors are primarily mental, and it is not 
difficult to view the mental aspects of all problems of industrial organiza- 
tion as the most important ones. Unless we can attain unity of purpose 
and coordinated activity in industry, the provision of comfortable homes 
at reasonable rent, the assurance of steady work at good wages, the 
elimination of industrial accidents, and provision against want in old 
age or in case of disability will have brought us no nearer to our real goal. 


* Report of Chainnan of Institute's Committee on Industrial Organization. 
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An industrial organization is made up of three groups: those who 
furnish the capital and take the risk of the enterprise, but frequently 
have little active part in it after it is firmly estabUshed; those who repre- 
sent the first class in the active direction of the enterprise; and those 
who give their energies for an assured wage, without assuming any of 
the risk. Some of the reasons why these three elements find it (hfficult 
to achieve unity of purpose and perfectly coordinated activity' are 
indicated below, in the hope that their statement in this brief form will 
draw forth helpful discussion. 

Activity of any kind, up to the fatigue point, is agreeable to any 
human being, if it has an adequate motive and offers an opportunity 
for self-expression. Under such circumstances much effort may be 
put forth and great discomforts endured with equanimity. A good 
example of this is duck-hunting; very few people care to spend more 
than a few days in this form of activity, for the motive declines in relative 
importance and the discomforts relatively increase. Under most forms 
of industrial organization, the workman has little motive for labor, 
beyond the wage offered; his opportunity for self-expression comes in 
the character of the work done. The growing complexity of industrial 
processes due to research, and the immigration into the eastern United 
States of large numbers of workmen of relatively low intelligence, has 
lead to the development of the functional, or so-called scientific, system 
of management. This method was developed by F. W. Taylor as the 
best way of supervision of men of inferior grades of intelligence. Its 
great drawback when applied to workmen of higher intelligence is that 
it almost completely robs them of the few opportunities for self-expression 
in their work that remain under the modern system of assigning only 
one operation out of many to an individual. The management still 
finds its motive and self-expression in putting on the market a product 
that can be sold at a good profit, but the workman is too remote from 
this to feel any satisfying part in it, although the industrial value of an 
established brand or trademark must not be overlooked, since the 
workman finds some satisfaction in laboring to turn out a product of 
recognized merit. Safety work has accomplished some good along 
this line by what is known in psychology as deflection; the workman 
does a standard amount of work -without any accident and finds his 
opportunity for self-expression in the latter feature of it. Company 
baseball teams, bands, first-aid teams, and similar activities that enable 
the individual employee to express his personality are of value. But 
the net result of the present tendency in industry is for the workman 
to see in his work only the unpleasant necessity of earning a living 
and to find his mental satisfaction in other forms of activity. This is 
putting the cart before the horse; it is just as though the army went 
to defeat the enemy only as an unpleasant necessity and found compensa- 
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tion for its sacrifices in something else. The various profit-sharing schemes 
that have been devised are only a makeshift and do not introduce the 
workman as a partner into the enterprise in the sense that his motive 
becomes identified with that of the organization. The fundamental 
fact remains that the workman is not in a position to take much risk, 
and how he can be made a partner in industrial enterprise without 
sharing its risk is an unsolved problem. 

The wonderful possibilities of an adequate motive and properly 
coordinated activities has been indehbly impressed on every business 
man who visited the training camps of our National Army and saw 
the results accomplished in a few months’ time with what must have 
been slightly below average human material, since many of the most 
effective men secured industrial exemption. No one who has seen 
it can forget the tense eagerness of both officers and men. An industrial 
organization that could inject anything like the same spirit into its 
personnel would be, like our army, invincible. Coordination of activity 
depends on leadership; identification of motive in industrial organization 
is impossible unless the principle is admitted that the opinions of the labor- 
ing members of the organization are entitled to a respectful hearing and 
consideration on their merits. 

Underlying these general considerations are the mental characteristics 
of the individual workman. Perhaps the most significant of these for 
our present purposes is the necessity to the individual for rationalizing 
his acts, or the assigning to them of a motive that is satisfactory to 
himself. A man, for example, strikes another who has insulted him, not 
because he is angry, but because honor requires it; or he refrains from 
striking him, not because the other is too large to strike with impunity, 
but because it would be too undignified to do so. In this way the most 
unworthy acts can be put on high moral grounds. Sabotage is a typical 
example of this in industry. The mental reaction in a man who can 
make only a poor living by hard work and is confronted with the easy 
success of others more fortunate is too apt to be one of jealousy and the 
end product the adoption of a what’s the use of trying” attitude. We 
all talk of equality of opportunity and have too much tendency to over- 
look the fact that it is largely beyond the control of ourselves or anyone 
else. Two soldiers of equal merit may be assigned to the infantry. One 
gets into battle, captures an enemy gun, escapes unhurt, is decorated, 
returns in triumph, and is elected mayor of his home town. The other 
contracts pneumonia and dies in a field hospital. Up to the limit of 
human control both had equal opportunity. It is admitted that both 
were of equal merit, yet the reaction many of their colleagues will exhibit 
is sympathy in, the one case and a feeling that 1 could have done it better 
if I had had the chance” in the other. When with this latter feeling is 
coupled a tendency to rationalize a wrong course of action, the individual 
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becomes very badly adjusted to the circumstances under which he must 
live. A rough definition of a Bolshevik would be a person who is dis- 
satisfied with things as they are and is able to rationalize a course of 
action that experience indicates will make them worse instead of better. 

The next point to be here considered is that efficiency is in large part a 
question of mental adaptation. Dr. Yerkes is to present to our member- 
ship an account of the methods that have been developed under the 
auspices of the War Department to determine the relative intelligence 
of men as an indication of their fitness to become officers. The trade 
tests developed by the same committee are of even ,greater interest in 
industrial organization. Capital has become too cheap and human 
effort has become too dear to admit much longer of the time-honored 
method of trial and error as a means of fitting the job to the man. The 
man who is not fitted to his job is constantly having the ground cut from 
beiieath his feet by discouragement and discontent, two arch enemies of 
efficiency. The greater part of progress along this line has yet to be 
achieved, for we have made only a beginning as yet. 

There are many other normal mental factors that might profitably be 
discussed but they must be left for consideration at another time in order 
to pass on to the second half of this subject, the relation that mental 
abnormalities bear to industrial organization. It is now definitely 
known that some people exhibit throughout their lives mental abnormali- 
ties and others exhibit them at times. The paranoids form one group. 
If these are of the depressed type, they are surly and suspicious, believe 
themselves to be unjustly treated, and fail to appreciate any kindness 
shown them. The Kaiser has been described as an example of the exalted 
type, persons who believe they are benefiting others while making infinite 
trouble for them. Another definite group comprises the emotionally 
unstable, who show a tendency to brood and be unhappy, but are modest 
and self-effacing. They are always ready to undertake anything new, 
but tire of it before it is completed. They are marked by the violence of 
their reactions to slight provocation. It is definitely known that these 
types are present in industrial organization, but neither their numbers nor 
their effect on the normal psychology of the organization has yet been 
ascertained. In addition to these permanently abnormal people are 
those who are temporarily deranged. People who cannot stand worry, 
overwork, or other unfavorable conditions give way mentally and one- 
fifth of those admitted to insane asylums each year are of this type. 
Most of them later get well. There may be hundreds of thousands of 
cases of mental disturbance of this kind that do not reach the point of 
requiring admittance to the asylum, just as a man may have a severe 
cold but not go to the hospital. It seems reasonable to suppose that the 
paranoids may have a large effect in breaking down unity of purpose and 
coordination of activity in a normal body of workmen and that the emo- 
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tionally unstable may play a large part in inciting the violent outbreaks 
that sometimes attend industrial disputes. Since mental abnormalities 
of this kind are relatively more common among people of marked ability 
than among the mediocre, it is hardly necessary to add that mentally 
abnormal persons may be found in the management as well as in the 
working force. It is the hope of this committee that it will be able to do 
some pioneer work in ascertaining the prevalence of the mentally abnor- 
mal in industry, determine the actual effects, what means should be 
taken to minimize the bad effects and to utihze to the fullest possible 
extent whatever possibilities there may be for good. 
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Discussion on Housing 

(New York Meeting, February, 1919) 

D. Eppelsheimer, * Middletown, Ohio. — The housing of employees 
has so many and so varied aspects that in order to reach even an approxi- 
mately correct solution it is necessary to have in mind a few fundamental 
principles; but it is not possible as yet to write these housing principles 
in the clear and correct form that is possible with many of our natural 
laws. Manifestly, the problem depends first on the kind of people it is 
necessary to house. What is suitable for the Southern unattached 
negro is not suitable for the married skilled American. The influx of 
colored labor has affected quite a number of what were satisfactorily 
housed communities. 

The second important factor is the relative proportion of the number 
of employees to the total employable population of the community in 
which the industry is located. The employer of a hundred men in a 
large city has little responsibility in the matter of housing his employees. 
If he employs 75 per cent, of the employable population in a community of 
27,000, as is the case of the company with which the writer is connected, 
it means a large responsibility. In the establishment of an entirely 
new plant in a more or less isolated place, the responsibility becomes 
greater. 

As engineers, we design and write the specifications for the machinery 
to accomplish a definite purpose, and proceed to house it, provide the 
necessary buildings with their accessories in the way of cranes, or heating 
systems, or sprinkling systems, as the case may be. There is no reason 
why the operating force should not be built up in very much the same 
way: design the organization, write its specifications so that the em- 
ployment department can secure the proper men, and then house that 
organization with just as much thought and care as is given the plant. 
In the plant, the various machines will work along certain definite lines 
and accomplish certain results; but even if we start with the proper 
organization it takes considerable time to get that organization working 
together. One of the most important elements to this end is the proper 
housing of the organization. A man usually spends more time at home 
than at work. Proper surroundings and a comfortable, convenient house 
of good appearance exercise an influence that cannot be denied, and an 
employee situated in such surroundings is far more inclined to follow the 
policies of his employer and take an active part in furthering them 
than one dissatisfied with his home and surroundings, which feeling 


American Rolling Mill Co. 
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is accentuated, if not exaggerated, by his family who are among these 
surroimdings all the time. 

Housing Methods of American Rolling Mill Co , — It might be well 
to explain briefly the experience of the American Rolling Mill Co. as 
it may be helpful to others in solving similar problems. Its housing 
efforts are divided into three classes: (1) Housing laborers and semi- 
skilled men, providing quarters and meals; (2) housing foreigners, by 
providing houses that are owned by the company and rented to indi- 
viduals; (3) through a realty company, developing vacant lands in 
various sections of the city and building houses that are sold to people 
having different incomes. 

For the first class of employees, there are six bunk houses, 22 ft. by 
150 ft., which accommodate 800 colored men. These are equipped with 
double-deck beds and each man has his own locker. A full crew of cooks 
is kept; since some men work 8 hr., others 10 hr., and others 12 hr., 
meals must be served in the dining room at 5 :30, 6 :30, and 8 :00 a.m., 
12:00 M., and at 3:00, 6:00, and from 11:00 p.m. to 12:30 a.m. 
This room accommodates 264 men at one time. For those that cannot 
go out for dinner, packed buckets are provided. This provides the bare 
necessities of living, but the company believes that this is but the begin- 
ning so it has provided a hospital, a commissary where the ordinary 
wants, such as gloves, overalls, tobacco, etc., can be obtained, a recreation 
hall, and a school teacher and books for those who want to learn the 
three R^s. 

For the unmarried skilled employee there are in the community 
opportunities for boarding; but as these did not prove sufiicient at one 
time the Bachelors Club was provided. This house has 20 rooms and 
accommodates 42 persons, provides meals, and has all the accommoda- 
tions of a college dormitory. It is under the supervision of a man 
who, in a sense, is a head master. 

For the foreigner, there have been purchased or built 58 houses, 
having a total of 300 rooms. Several are 8- to 12-room houses and practi- 
cally one-half are 5-room houses. As a place for recreation, the Foreigners 
Club has been provided. 

This plan takes care of the housing of the employees who receive the 
laborers' rate; but what about the skilled employee, the foreman, the 
superintendent, and other employees in an organization of 4800 men? 
This is where the relation between the size of the community and the 
size of the industry plays such an important part, and when the number 
of employees is 60 to 75 per cent, of the employable population, the 
responsibility of the company becomes very great. 

In addition to the unattached men there are a number of colored men 
drawn North by the higher rates of wages, who left their families in the 
South. The employer has a fine opportunity to give these a chance to 
get out of their thriftless, slovenly way of living, by providing a really 
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respectable place of living, and giving them a chance to become useful 
citizens. Our colored citizen is not like the thrifty foreigner. He has to 
be helped a httle; but when he is helped he will live up to his surroundings; 
so the American Rolling Mill Co. has provided four-room cottages for 
him. These can be purchased by pajdng 10 per cent, down and 1 per 
cent, a month. The company’s experience has been that the men will 
make the original and monthly payments as soon as they see the frame- 
work going up, and three to four months before they can move in. Some 
of the purchasers of last year are getting familiar with business ways and 
pay by check; and in many other ways are living up to their oppor- 
tunities. They have built their own church, and the company has 
presented to the board of education, for the colored settlement, a school 
which has a large assembly hall that can be used for community purposes. 
For the men who are in the semi-skilled class, there have been built 
other houses. 

During the war the question of housing was brought to public atten- 
tion in a more forcible manner than would have been possible in times of 
peace. The progressive industrial manager has felt its influence, but 
has in many ^ cases been unable to impress its importance upon those 
responsible for the^ company’s policies, and secure sufficient support, 
especially in the matter of finances that permit the housing matter to be 
handled in a thorough and comprehensive manner. Happily, in the case 
of the American Rolling Mill Co., those responsible for the company’s 
policies have led it along the lines that have just been explained. But 
the company is just beginning. The problems unsolved are just as 
important and perhaps just a little more involved, but we have had con- 
siderable experience; and as we begin to see the fruits of our experiments, 
we will take great pleasure in trying to solve those still before us. 

As a real recreation, aside from the industrial daily work, a recreation 
that will call for all your knowledge of human nature, your artistic tem- 
perament, your utilitarian sense — for houses must be of the utmost utility 
— and your ideas of construction as well as economy of construction, per- 
mit me to commend to your earnest attention the question of housing. 

Lawrence Veiller,* New York, N. Y. — I spoke to you last year of 
the rather critical situation that confronted the country at that time 
in the great shortage of housing. I suppose the reason advanced by the 
mining interests for not building good houses is the old idea that the mine 
is only going to last a short time, and that it would not pay to build any 
substantial houses; but as a matter of fact these “temporary” buildings 
stand for many years. 

Most of the mining towns of the United States existing today have 
existed for many years and are likely to go on for many years to come; 
even if they are only to be there for five or ten years it is advantageous to 

* Director, National Housing Association. 
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pay attention to the housing of the employees. I am not making this 
appeal to you on the basis of social uplift but rather on the basis of your 
own selfish interest. If there were no other reason for building good 
houses for the workers, the dictates of self-interest ought to be controlling. 

After the period of readjustment and during the period of financial 
and industrial depression, which we may have, and in the boom time com- 
ing after that period, when we are really working at top-notch speed, we 
are going to suffer more in this country from lack of labor supply than 
from any other factor. This is obvious when you realize that we are not 
likely to have much immigration and we are likely to have considerable 
emigration in the near future; if that is so, there is naturally going to be a 
shortage of labor supply. 

The employer of labor, the manufacturer and the miner, will not, 
when that time comes, be able to hold labor merely by higher wages or 
shorter hours but will do so by making life more attractive to the labor- 
ing man. The simplest, easiest and quickest way to do this is to begin 
with the home; for, as Mr. Eppelsheimer has said, a man spends more 
time in the home than he does in the shop. How stupid it is for the em- 
ployer to say, These men are no good. We shorten their hours and they 
ought to have more pep.^^ He never stops to thir^k of the conditions 
under which the men are living. How can the men have any pep when 
they must live as so many of them do? Many of them sleep in a 
house where there are several bunks; the air is foul and there js the 
discomfort of sleeping with a lot of other men and breathing in the odors 
that come from others. Is it any wonder that in the morning they 
havenT any ‘^pep’"? They do this day in and day out and finally they 
can't stand it any longer and quit. The employer asks why they are 
leaving and they don't know; they are just tired and move on to another 
town hoping to find something better. 

The minute you start to do something for the working man your 
a^ociates will say, ^'Look out for paternalism. The working man is very 
much opposed to paternalism." I have never seen a case where you 
gave the working man low rent and good living conditions that he thought 
it was paternalism. What these men object to is a lot of fussy people 
trying to manage the way they shall live. You needn't be afraid at aU 
that good housing will breed paternalism. If you are afraid of pater- 
nalism, there is an awfully easy remedy, and that is democracy. Let 
the men who live in the houses have a say in the management of tjiein. 
Have a House Committee, made up of the men, to pass upon all com- 
plaints. It is a perfectly simple proposition. In conclusion I want to 
say Hiat there isn't anything the mining engineers of the country can do 
to aid the development of the mining properties that will pay for the 
effort expended anything like as much as will the proper housing of the 
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volatilization of cuprous chloride, 354, 359. 
conductivity, sulfur effect, 315. 
cuprous oxide occurrence, 337, 341. 
deoxidation, rod, 340. 
diffusion of gases, 327. 
effect of hydrogen, 323. 

photomicrographs, 334, 338. 

electrolytic deposition, leaching. New Cornelia Copper Co., 51. 

elongation, see Mechanical properties, 

hydrogenation, 325. 

leaching. New Cornelia Copper Co., 22. 

lead content, 345. 

manganese-copper, 371. 

mechanical properties at various temperatures, 489, 514, 537. 
overpoling, oxygen and sulfur relation, 312. 
oxidation speed, 704, 
penetration of hydrogen, 331. 
permeability to gases, 326. 
phosphorus inclusions, 392. ^ 

photomicrographs: effect of gases, 338. 
effect of mechanical tests on wire, 478. 
non-metallic inclusions, 388, 393, 399. 
plating: automatic: feeding, 367. 
machine, 367, 369. 
plating mixture, 365. 
by casting, 370. 

Roth process, 370. 
refining : dust and fume losses, 355. 
furnace, 307, 312, 354. 
overpoling, 312. 
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Copp&r re&img: pitch variation, 318. 

volatilization of cuprous chloride, 354'. 
spectroscopic determination of lead,, 342. 
tensile strength, see Mechanical properties, 
tin oxide inclusions, 387. 
volatilization from brass, 425. 
zinc electrolysis, 223. 
zinc oxide inclusions, 387. 

Copper-aluminum, equilibrium diagram, 174. 

Copper-tin, equilibrium diagram, 172. 

Cornwall, radium, 714. 

Corrosion, rate: electrolytic zinc, 216. 

effect of temperature, 229, 235. 

CoBSE, W. M.: Aluminum Bronze Industry ^ [xxviii], 171. 

Discussion on Manganese Bronze^ 379. 

Costs: crushing, Elko Prince mill, Nevada, 88. 
milling, Bames-King Co., 104, 105. 

Elko Prince mill, Nevada, 93, 95. 
mining, Elko Prince mine, 84. 
smelting, antimony, 18. 

CoTTKELL, F. G. : Discussion on Electrostatic Precipitation^ 268. 

Cottrell process: bibliography, 255. 
cement dust, 270. 

International Smelting Co., Tooele, Utah, 262. 
outline, 243. 
potash recovery, 270. 

Counter migration of solids and solution, 107. 

Couverture, antimony smelting, 15. 

Cripple Creek ore, roasting, 123. 

Cripples: use in industry, 748. 
war, vocational training, 749. 

Cboasdale, Stuart: Discussion on First Year of Leaching by the New Cornelia Copper 
Co., 70. 

Crowe, Thomas B. : Effect of Oxygen upon the Precipitation of Metals from Cyanide 
Solutions, [xiv]. 111. 

Crowe vacuum precipitation process, 113, 115. 

Crushing: Bames-King plant, 98. 

Elko Prince mill, Nevada, 87. 

New Cornelia Copper Co., 25. 

Crushing Resistance of Various Ores (Lennox), [xiv]. 

Crystalline phase, metals, properties, 501, 559, 623, 646. 

Crystallization, effect of colloids, 467, 469» 

Cupro-niokel, effect of manganese, 372, 373. 

Cuprous chloride: chemical and physical properties, 354, 355. 

. volatilization in melting copper cathodes, 354, 359. 

Cuprous oxide: action in copper alloys, 387. 

• occurrence in copper, 337, 341. 

• photomkrographs, 388. 
reduction by hydrogen, 330. 

Curie, Mme., discovery of radium, 709. 

Current efficiency, electrolytic zinc, 207, 210. 

<^anide plant, Bames-King Development Co., 98. 

C^aniding: Bam^King plant, 103. 
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Cyaniding: costs, Bames-Eang Co., 104, 105. 

Crowe vacuum precipitation procera, 113, 115. 

Golden Cycle Mining and Reduction Co., 118. 
precipitation; effect of oxygen, 111. 
vacuum, 112, 115. 

sulfo-telluride gold ores: operating conditions, 127. 
roasting, 123. 

vacuum precipitation, 112, 115. 

Davis, C. H. and Bassett, W. H. : A Comparison of Grain-size Measurements and 
Brinell Hardness of Cartridge BrasSf 428. 

Deformation, metals : effect of grain size, 502. 
effect on mechanical properties, 474, 
relation to fracture, 531, 563. 

DeGolyeb, E. L. : Theory of the Volcanic Origin of Salt Domes, [xiv]. 

Density, quartz, 151. 

Dental amalgams, see Amalgams, dental. 

Development of the Coke Industry in Colorado, Utah and New Mexico (Miller), [xiii). 
Dewatering, counter migration, 107. 

Die casting : alloys, 582. 

blow-hole prevention, 578. 
definition, 577. 
dies, 581. 
elongation, 583. 
machines, 577. 
war uses, 586. 

vacuum machines, 578, 583, 584. 

Die Castings and Their Application to the War Program (Pack), 577; Discussion: 
(Jones), 586. 

Diffusion of gases through copper, 327. 

Dilatometer for measuring dental amalgams, 681. 

Discussion on Housing: (Eppelsheimer), 815; (Veiller), 817. 

Discussion on Recent Geologic Development on the Mesabi Iron Range, Minn. (Betts 
and Wolff), [xxix]. 

Disintegration series, radioactive, 711. 

Distillation : blue-powder briquets, 292. 
zinc, 281. 

Distillation products, zinc-ore reduction, 281. 

Doehler die-casting machine, 577, 578, 579. 

Dorr, J. V. N. : Discussion on the Effect of Oxygen upon the Precipitation of Metals 
from Cyanide Solutions, 115. 

Dorr, J. V. N. and Dougan, L. D. : Elko Prince Mine and, Mill, [xiv], 78. 

Dorr Duplex classifier, 129. 

Dougan, L. D. and Dorr, J. V. N. : Elko Prince Mine and Mill, [xiv], 78. 

Douglas, James: biographical notice, 728. 
contributions to the Transactions, 733. 
memorial service, xv. 
portrait, frontispiece. 

Drilling: dry, cause of illness, 784, 786, 789. 

Elko Prince mine, Nevada, 82. 

Ductility: copper and brass, effect of temperature and grain size, 567. 
fibrous tungsten, 617. 
metals, effect of grain size, 593. 
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Bust Mid fume losses, copper refining, 355; 

Dust, rock and coal, cause of tuberculosis, 784, 786, 788. 

DyuMBLometer for testing strength of dental amalgams, 658, 659. 

£klucation: mining communities, need, 792. 
vocational, see Vocational training. 

Effect of Impurities on Hardness of Cast Zinc or Spelter (Stone), [xxviii], 303. 

Effect of Oxygen upon the Precipitation of Metals from Cyanide Solutions (Crowe), 
[xiv], 111; Discussion: (Ceevenger), 114; (Dorr), 115; (Blomfield), 
115; (Hansen), 115; (Taylor), 115; (Mills), 115. 

Effect of Temperature^ Deformation, and Grain Size on the Mechanical Properties of 
Metals (Jeffries), 474; Discussion: (Mathewson), 562; (Merica), 569; 
(Hoyt), 572; (Jeffries), 574. 

EflSciency, industrial, 741. 

Electric smelting, zinc, 280. 

Electric welding, research, National Research Council, 808. 

Electrical systems, electrostatic precipitation, 245, 260. 

Electrolysis, zinc sulfate: current efficiencies, 207, 210. 
low-zinc solutions, 220. 
power characteristics, 207. 

Electrolytic deposition : copper, purification of electrolyte, 60, 69. 
copper leaching, 51. 

Electrolytic Zinc (Hansen), [xiii,‘ xxviii], 206; Discussion: (Yard ley), 236; (Hansen), 
240, 242; (Jennings), 242. 

Electrolytic zinc: Bully EQll ore tests, 210, 213. 
cadmium recovery from residues, 187. 
control expedients, 234. 
corrosion, effect of temperature, 229, 235. 
corrosion rates, 216. 
cumulative impurities, 226. 
current efficiencies, 207, 210. 
electrical equipment, 239, 240. 
electrolyte, impurities, 222, 242. 
flue-dust extraction tests, 211, 212, 214. 
leaching problem, 238. 
low-zinc solutions, 220. 
manganese behavior, 225. 
non-cumulative impurities, 223. 
operation with impure electrolyte, 242. . 
ore analyses, 208. 

power characteristics in electrolysis, 207. 
power requirements, 221, 239. 
purification problem, 238. 
roasting problem, 237. 

Tainton process, 242. \ 

Tasmanian ore tests, 211, 214. 
temperature effect, 220, 229, 235. 
voltage, 219. 

Electrostatic Precipitation (Eschholz), [xiiii], 243; Discussion: (Rosenblatt), 256, 269; 

(Fisher), 260; (Sackbtt), 262, 264, 267, 271; (Ricketts), 264, 272; 
(Randall), 265; (Mathewson), 265; (Viets), 266; (Cottrell), 268; 
(Thum), 270; (Wolcott), 272; (Bradley;, 272; (Rathbtjn), 273; (Esch- 
holz), 277. 
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Electrostatic precipitation: back ionization, 272, 276. 
bibliography, 255. 
cement dust, 270. 
electrical systems, 245, 260. 

International Smelting Co., Tooele, Utah, 262. 
motor-generator sets, use, 248, 257, 266, 269, 274. 
.outline, 243. 
potash recovery, 270. 
rectification, 247, 262, 266, 268, 269, 274. 
Southwestern Portland Cement Co., 270. 
transformers, 246. 
transforming, 245. 
treater circuit diagram, 244. 
treater problems, 254. 
treater short-circuits, suppression, 249. 
vibration of electrodes, 253, 262. 
voltage : operating, 252. 
treater, 249, 251, 278. 

Elko Prince Mine and Mill (Dorr and Dougan), [xiv], 78. 

Elko Prin6e mill, Nevada: agitation, 91. 
clarifying, 94. 
costs: construction, 97. 
crushing, 88. 
milling, 93, 95. 
crushing, 87. 
design, 84. 

diaphragm pumps, 91. 
elevator, 89. 
extraction, 92. 
filtration, 91. 
flow-sheet, 85. 
milling practice, 84. 
plan, 90. 
power plant, 96. 
precipitation, 94. 
refining, 94. 
screen tests, 88. 
solution of metals, 92. 
tray thickeners, 89. 

Elko Prince mine, Nevada : costs, 84. 
development, 78. 
drilling, 82. 
hoisting, 83. 

loading and tramming, 83. 
mining practice, 80. 
ore analysis, 80. 
power plant, 96. 
stoping, 80. 
timbering, 84. 
vein, 79. 

Elongation, die casting, 583. 

Elongation, see Mechanical properties. 

Employment departments, value, 781. 
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Employment of labor, 773, 776, 779, 780, 781. 

Engineering Division, National Research Council: inventions under development, 809 
personnel, 806. 

research: electric welding, 808. 
outside, 807. 
pyrometry, 807. 

Engineering Problems Encountered During Recent Mine Fire at Utah-Apex Mine^ 
Bingham Canyon^ Utah (Rood and Nokden), [xiv]. 

Engineering Work of the National Research Council (Howe), [xxviii], 805. 

Engineers, intelligence, 764, 767. 

Eppelsheimeb, D.: Discussion on Housing, 815. 

Equilibrium diagram: copper-aluminum, 174. 
copper-tin, 172. 

Equilibrium tests, zinc condensation, 294. 

Erskine, Lillian: Standards for Brass and Bronze Foundries and Metal-finishing 
Processes, 401; Discussion, 414, 415. 

Eschholz, O. H. : Electrostatic Precipitation, [xiii], 243; Discussion, 277. 

Expansion, silica brick, 136, 148. 

Federal Vocational Education Act, 792, 794, 803. 

Feeding device, automatic, for Lane mills, 101. 

Fettke, ^C. R. and Hubbard, Bela: Limonite Deposits of Mayaguez Mesa, Porto 
Rico, [xxviii]. 

Filaments: photomicrographs, 641. 

tungsten, structure and properties after use, 614. 

Fine^grinding Cyanide Plant of Barnes-King Development Co. (McCormick), [xiv], 98. 
Fireproofing Mine Shafts of the Anaconda Copper Mining Co. (Norris), [xiv]. 

First Year of Leaching by the New Cornelia Copper Co. (Tobelmann and Potter), 22; 

Discussion: (Rose), 69; (Croasdale), 70; (Schimerka), 73; (Richards), 
75; (Laist), 75; (Tobelmann and Potter), 76. 

Fisher, Harmon F. : Discussion on Electrostatic Precipitation, 260. 

Flow sheet: Elko Prince mill, Nevada, 85. 

Gloster mill, 100. 

leaching. New Cornelia Copper Co., 33. 

Flue dust: electrolytic zinc extraction, 211, 212, 214. 

recovery, Cottrell process, 243. 

Flue losses, roasting sulfo-teUuride gold ores, 121. 

Fluxes, antimony smelting, 18. 

Foundries, brass and bronze: buflSng, 410. 
carbon monoxide poisoning, 414. 
construction, 402. 
core ovens, 410. 
dipping, 412. 

enamels and lacquers, 413. 

floors, 409. 

furnaces, 403, 405. 

gratings, 405. 

health of workers, 401. 

heating, 408. 

hoods, 404, 407. 

lead alloys, 412. 

lighting, artificial, 408. 

physical exertion of workers, 414. 
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Foundries, plating, 413. 
sand-blasting, 411. 
stacks, 404. 

standards, health protection, 401. 
ventilation, 403, 406, 414. 

Fracture, metals: deformation effect, 531, 563. 
intercrystalline, 530. 
trans-crystalline, 531. 

Fulton, Charles H. : Condensation of Zinc from its Vapor j [xiii, xxviii], 280; Dis- 
cussion^ 301. 

Fume: lead blast-furnace, cadmium recovery, 187. 
recovery, Cottrell process, 243. 

Furnace roofs: collapse, 136. 
destruction, 135. 

Furnaces: antimony smelting, 4. 

brass and bronze foundry standards, 403, 405. 

Herrenschmidt, 4. 
roasting: Edwards Duplex, 119. 
sulfo-telluride gold ores, 119. 

Fusible Plug Manufacture (Burgess and Gurevich), [xxviii]. 

Fusibility, siHca brick, 146. 

Gaging and Storage of Oil in the Mid-Continent Field (Bradley), [xiv]. 

Gamma rays, 710. 

Garnsey, Cyrus, Jr., Norris, R. V. and Allport, J. H.: Method of Fixing Prices 
of Bituminous Coal Adopted by the United States Fuel Administration, 
[xiii, xxixj. 

Gases: diffusion through copper, 327. 
reducing, action on copper, 322! 

Geology, Gold Circle district, Nevada, 78. 

Geology of the Oil Fields of North Central Texas (Hager), [xiv]. 

German social insurance, 770. 

Gill, Philip L.: Discussion on the Relation of Sulfur to the Overpoling of Copper, 318. 

Gloster mill, flow sheet, 100. 

Gold : mobility in the solid state, 698. 
parting from silver, 706. 

Gold Circle district, Nevada, geology, 78. 

Gold ores, sulfo-telluride: cyaniding, 127. 
roasting, 118. 

Golden Cycle Mining and Reduction Co., miH, 118. 

Goodale, C. W.: Discussions: on the New Spirit in Industrial Relations, 778. 
on Prevention of Illness Among Employees in Mines, 788. 

Goodrich, Robert Rhea: Discussion on the New Spirit in Industrial Relations, 778. 

Government bronze, 180. 

Grain growth, tungsten, 595. 
bibliography, 628. 

Grain size: and Brinell hardness, brass, 430. 

effect on mechanical properties of metals, 474. 
metals, effect on resistance to deformation, 502. 
tungsten: effect of incomplete fusion, *602. 
effect of temperature, 612. 
effect of thoria, 595. 
effect of time, 612. 
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Ghay, A«rauB W.: Metallographic Phenomena Observed in Amalgams^ [xxviii], 657. 
Group msurance, advantages, 771. 

Gurevich, L. J. and Burgess, G. K. : Fusible Plug Manufacture^ [xxviii]. 

Hadfieud, Sib Robert: Discussion on the Metallography of Tungsten, 644. 

Hager, Dorsey: Geology of the Oil Fields of North Central Texas, [xivj. 

Haley, D. F.: Molybdenite Operations at Climax, Colorado, [xivj. 

Hamilton, William: Discussion on Manganese Bronze, 384. 

Hand-sorting of Mill Feed (Handy), [xivj. 

Handy, R. S. : Hand-sorting of Mill Feed, [xiv]. 

Hansen, C. A.: Electrolytic Zinc, [xii, xxviii], 206; Discussion, 240, 242. 

Hansen, G. T.: Discussion on the Effect of Oxygen upon the Precipitation of Metals 
from Cyanide Solutions, 115. 

Hardening of metals by strain, amorphous theory, 491, 562. 

Hardness: babbitt, at varying temperatures, 458. 
brass, cartridge, 430. 
zinc: commercial, 303. 

effect of impurities, 303. 

Health: brass and bronze workers, 401. 
conservation, mine employees, 784. 
hazards, foundry, 401. 

Heating, foimdries, 408. 

Herrenschmidt furnaces, antimony, 4. 

Herreshoff, J. B. F. : Discussion on Manganese Bronze, 384. 

Hibbard, Walter R.: Discussion on a Comparison of Grain-size Measurements and 
Brinell Hardness of Cartridge Brctss, 449. 

Hill, Charles W.: Discussion on the Cadmium Supply of the United States, 191. 
Hill, Charles W. and Luckey, G. P. : Spectroscopic Determination of Lead in Copper, 
[xxviii], 342. 

Hill, F. A. : Coal Mining in Washington, [xiii]. 

Hoisting, Elko Prince mine, Nevada, 83. 

Holbrook, E. A.: Discussions: on the Need for Vocational Schools in Mining Com- 
munities, 799; 

on the New Spirit in Industrial Relations, 781. 

Hoods, foundry, 404, 407. 

Housing: American Rolling Mill Co., 816. 
methods, 816. 

responsibility of employers, 815. ' ' 

Howe, Henry M. : Engineering Work of the National Research Council, [xxviii], 805. 
Hoyt, Samuel L. : Constitution of the Tin Bronzes, [xxvii], 198 ; Discussion, 205. 

Discussion on the Effect of Temperature, Deformation, and Grain Size on the Me- 
chanical Properties of Metals, 572. 

Hubbard, Bela and Fettke, C. R.: The Limonite Deposits of Mayaguez Mesa, 
Porto Rico, [xxviii]. 

Hulett unloader, 34. 

Human engineering, 747. 

Humfret, j. C. W. : Discussion on the Metallography of Tungsten, 650. 

Hydrocarbons, reducing action on zinc oxide, 286. 

Hydrogen: and oxygen, opposing action in precipitation, 113. 
diffusion through copper, 329. 
effect on copper, 323. 
effect on zinc oxide, 286. ' 

penetration into copper, 331. 
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Hydrogen : reduction of cuprous oxide, 330. 

Hydrogenation, copper, 325. 

Hydrometallurgy : see also Leaching. 

separation of solution from solids, 107. 

Illness, prevention among mine employees, 783. 

Impurities: zinc, effect on hardness, 303. 
zinc electrolysis: cumulative, 226. 
non-cumulative, 223. 

Industrial intelligence standards, 765. 

Industrial organization, mental factors, 810. 

Industrial relations, new spirit, 768. 

Ingalls, W. R.: Remarks at the James Douglas Memorial Service, xvii. 

Institute of Metals Division, Milwaukee meeting, xxv. 

Insurance: compulsory, evils, 770. 
group, advantages, 771. 
social, evils, 770. 

Intelligence ratings: army groups, 757, 759, 760. 

engineers, 767. * 

inequality in army groups, 762. 
occupational standards, 765. 

U. S. Army, 754. 
use, 755. 

Intelligence standards, occupational, 765. 

Intelligence tests, U. S. Army: alpha and beta tests, 753. 
individual tests, 753. 
letter ratings, 754. 
military value, 757. 
nature, 753. 
purpose, 752. 
use of ratings, 755. 

Intercrystalline fracture, metals, 530. 

International Smelting Co., Tooele, Utah, Cottrell process, 262. 

Interpretation of the So-called Paraffin Dirt of the Gulf Coast Oil Fields (Brokaw), |xiv| 
Iron: alloys, resistance, electrical, 644. 

Armco : mechanical properties at various temperatures, 503, 523, 546. 
photomicrographs, 481, 483. 
tensile strength and elongation, 503, 523, 546. 
volatilization from brass, 425. 
zinc electrol 3 ’sis, 225. 

Jeffries, Zay: Effect of Temperature, Deformation, and Grain Size on the Mechanical 
Properties of Metals, 474; Discussion, 574. 

Metallography of Tungsten, [xii, xxvii], 588; Discussion, 653. 

Discussion on Metals and Alloys from a ColloicLchemical Viewpoint, 472. 
Jennings, S. J. : Remarks at the James Douglas Memorial Service, xv, xvii, xix. 
Discussion on Electrolytic Zinc, 242. 

Johnson, F. : Discussion on the Relation of Sulfur to the Overpoling of Copper, 320. 
Johnston, John: Volatility of Constituents of Brass, [xxviii], 416. 

Jones, Ji^bse: Babbitt and Babbitted Bearings, [xxvii], 458; Discussion, 465. 

Discussions: on Die Castings and Their AppUcation to the War Program, 586; 
on Manganese Bronze, 378; 

on Standards for .Brass and Bronze Foundries and Metal-finisking 
Processes, 414. 
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JoBDAif, I^AROinBBiTE Walkeb: .Dtscusston on the Need for Vocational Schools in 
Mining Communities, 795. 

Keeney, R. M. : Manufacture of Ferro-Alloys in the Electric Furnace, [xiii, xxviii]. 

Keioeb, Ed ward: Two Instances of Mobility of Gold in Solid State, 698. 

Labor: and capital, relations, 768, 772. 
employment, 773, 775, 779, 780, 781. 
loss of time, 780. 
programs of leaders, 769. 

Labor Party, British, reconstruction program, 742, 770, 775. 

Labor problem, 745. 

Labor turnover, 780, 781. 

Laist, Fredebick: Discussion on First Year of Leaching by the New Cornelia Copper 
Co., 75. 

Lane mills, feeding device, 101. 

Lanza, A. J.: Prevention of Illness Among Employees in Mines, 783; Discussion, 788. 

Leaching: acid consumption, 38, 40, 71. 

Ajo, Ariz., see Leaching, New Cornelia Copper Co. 

copper. New Cornelia Copper Co., 22. 

cycle of operation. New Cornelia Copper Co., 30. 

electrolytic deposition, 51. 

flow sheet. New Cornelia Copper Co., 33. 

losses of solution, 34. 

New Cornelia Copper Co. : acid advance, 32, 36. 
acid analysis, 42. 
acid consumption, 38, 40, 71. 
cement copper re-solution, 64. 
charging tanks, 29. 
circulation, 30, 45. 
consumption of acid, 38, 40, 71. 
copper recovery from discarded solution, 62. 
crushing, 25. 
curtailment, 77. 
cycle of operation, 30. 
discard solutions, 61. 
electrolytic deposition : anodes, lead, 52. 
cathodes, 54. 
connections, 53, 56. 
electric arrangement, 53, 56. 
electrolyte, 56. 
electrolyte purification, 60. 
operation data, 59. 
starting sheets, 54. 
tank house, 55. 
tanks, 51. 
flow sheet, 33. 

Hulett unloader, 34. 
impurities dissolved, 39, 40. 
losses of solution, 34. 
material dissolved, 39, 40. 
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Leaching: New Cornelia Copper Co.: metallizing tests, 63, 72. 
neutral advance, 36. 
ore analyses, before and after, 37. 
plan of plant, 31. 
process, outline, 23. 
purification of electrolyte, 60, 69. 
reduction, 47. 

reduction data for first year, 49. 
reduction towers, 48. 
roasters, 29. 
screen sizing tests, 27. 
solution, 36. 

solution analyses, 36, 38, 42. 

solution uniformity, 43. 

sulfur dioxide reduction, 47. 

summary of results, first year, 23, 64, 66. 

tailings analysis, 37. 

tailings removal, 34. 

tanks, 28, 35. 

tests on individual screen sizes, 39. 
uniformity of solution in tank, 43. 
wash waters, 34. 
water analysis, 46. 
water supply, 45. 
ore analyses, before and after, 37. 
radium extraction, 718. 
solution analyses, 36, 42. 
solution uniformity, 43. 
tanks. New Cornelia Copper Co., 28, 35. 
tests on individual screen sizes, 39. 
uniformity of solution in tank, 43. 
wash waters, 34. 
zinc, 238. 

Lead : effect in manganese bronze, 378. 
effect on hardness of babbitt, 461. 
spectroscopic determination in copper, 342. 
use in bearing metals, 163. 
volatilization from brass, 425. 

Lead anodes. New Cornelia Copper Co., 52. 

Lead-furnace fumes, cadmium recovery, 187. 

Lead poisoning, protection in foundries, 412. 

Le Chatelier, H. and Bogitch, B. : Manufacture of Silica Brick, [xxviii], 134. 

Lee, Howard S. : Pyrite Deposits of Leadville, Colorado, [xiv]. 

Lennox, L. W. : Crushing Resistance of Various Ores, [xiv]. 

Lighting, artificial, foundries, 408. 

Limonite Deposits of Mayaguez Mesa, Porto Rico (Fettke and Hubbard), [xxviii]. 

Lissberger, Milton L. : Solder, Its Use and Abuse, [xxviii], 192. 

Discussion on the Cadmium Supply of the United States, 190. 

Lithopone, cadmium recovery from residues, 188. 

Loong Kee Smelting Works, antimony smelting, 9, 12, 14. 

Low-temperature Distillation of Illinois and Indiana Coals (Traer), [xxix]. 

Lucre, P. K. : The Relation of Sulfides to Water Level in Mexico, [xiv]. 
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Ltjckey, G. P. and H 1 LI 4 , C. W.: Spectroscopic Determination of Lead in Copper ^ 
[xxviii], 342. 

Luminous paint, 724, 726. 

McComas, K. W. and Skowronski, S.; Volatilization of Cuprous Chloride on Melting 
Copper Containing Chlorine^ 354. 

McCormick, J. H.: Fine-grinding Cyanide Plant of Barnes-King Development Co.f 
[xiv], 98. 

McKinney, P. E.: Manganese Bronze^ 374; Discussion, 382. 

Macdonald, Bernard: Automatic Separation of Solution from Solids in Hydro- 
metallurgical Treatment of Ore Pulps, [xiv], 107. 

Malcolmson, C. T.: Carhocoal, [xiii, xxix]. 

Manganese: afl5nity for oxygen and sulfur, 371, 372. 
carbon-free, 371. 
pure, 371. 
use in alloys, 371. 
zinc electrolysis, 225. 

Manganese Bronze (McKinney), 374; Discussion: (Jones), 378; (Corse), 379; 

(Roast), 380; (Clamer), 380; (Spare), 382; (McKinney), 382; (Camp- 
bell), 383; (Herreshoff), 384; (Hamilton), 384; (Traphagen), 385. 
Manganese bronze: composition, 375. 
lead content, 378. 
manufacture, 375. 
mechanical properties, 377. 
test specimens, 382, 383. 

Manganese-copper, 371. 

Man Power (Channing), [xiv], 741. 

Manufacture of Ferro-alloys in the Electric Furnace (Ejbeney), [xiii, xxviii]. 
Manufacture of Silica Brick (Le Chatelier and Bogitch), [xxviii], 134. 
Manufacture: manganese bronze, 375. 
solder, 192. 

Mathewson, C. H.: Discussions: on a Comparison of Grain-size Measurements and 
BrineU Hardness of Cartridge Brass, 451 ; 
on the Effect of Temperature, Deformation, and Grain Size on the Mechanical 
Properties of Metals, 562. 

Mathewson, E. P. : Remarks at the James Douglas Memorial Service, xvi. 

Discussion on Electrostatic Precipitation, 265. 

Mechanical properties : alloys, 557. 
babbitt metals, 177. 
bronzes, 173, 377. 

copper, at different temperatures, 489, 514, 537. 
iron, Armco, at various temperatures, 503, 523, 546. 
manganese bronze, 377. 

metals: effect of temperature: copper, results of tests, 489, 514, 537. 
iron, Armco, results of tests, 503, 523, 546. 
samples, 476. 
tests, 486. 

tungsten, results of tests, 498, 521, 542. 
low temperatures, 556. 

tungsten, at various temperatures, 498, 521, 542. 
wire, effect of diameter, 554. 

Mechanics of Vein Formation (Taber), [xiv]. 
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Mental Factors in Industrial Organization (Read), 810. 

Mental Tests in Industry (Yerkes), 752; Discussion: (Tillson), 766, 767; (Yebkes), 
766, 767; (Stoughton), 766. 

Mebica, Paul D. : Discussions: on the Constitution of the Tin Bronzes^ 203. 

on the Effect of Temper ature^ Deformation, and Grain Size on the Mechanical 
Properties of Metals, 569; 
on the Metallography of Tungsten, 645 ; 
on Metals and Alloys from a Colloid-chemical Viewpoint, 471. 
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Brinell Hardness of Cartridge Brass, 450. 

Mesothorium, 724. 

Metal-finishing processes, health protection standards, 401. 

Metallizing tests, copper precipitation, 63, 72. 

Metallographic Phenomena Observed in Amalgams (Gray), [xxviii], 657. 

Metallography of Tungsten (Jeffries), [xiii, xxvii], 588; Discussion: (Hadfield), 644; 

(Merica), 645; (Humfrey), 650; (Jeffries), 653. 

Metallurgy, radium, 717. 

Metals and Alloys from a Colloid-chemical Viewpoint (Alexander), 466; Discussion: 

(Alexander), 469, 473; (Bancroft), 470; (Merica), 471; (Jeffries), 
472. 

Metals: allotropic transformation, 552, 573, 576. 
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properties, 501, 559, 623, 646. 
colloid chemistry, 466. 
crystalline phase, properties, 501, 559. 
fracture: intercrystalline, 530. 
trans-crystalline, 531. 

mechanical properties, low temperatures, 556. 
rupture, 535, 571. 
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Method of Fixing Prices of Bituminous Coal Adopted by the United States Fuel Admin^ 
istration (Garnsey, Norris and Allport), [xiii, xxix]. 
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[xiii]. 
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from Cyanide Solutions, 1 15. 

Mills micrometer roller, 463. 
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resolution pledging resources for the conduct of the war, xxiv. 
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Mine, Elko Prince, Nevada, 78. 

Mine employees: illness prevention, 783. 
physical examination, 784, 787, 789. 
physical fitness, 783. 
working conditions, 784. 

Mining communities, vocational schools, need, 792. 
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AjOf Ariz., [xiv]. 

Molybdenite Operations at ClimaXy Colorado (Haley), [xiv]. 

Molybdenum: ductility, 594. 
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Moore, E. S.: Air Blasts in the Kolar Gold Fieldy IndiOy [xiv]. 
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New Cornelia Copper Co. : crushing, 25. 
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tank house, 55. 
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(Clark), 777; (Goodale), 778; (Goodrich), 779; (Cooper), 779; (Tillson) 
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Oil in Southern Tamaulipas, Mexico (Ordonez), [xiv]. 

Olsen testing machine, dental amalgams, 660. 

Ordonez, Ezequiel: Oil in Southern Tamaulipas, Mexico, [xiv]. 

Ores: gold, sulfo-telluride, roasting, 118. 
radium: concentration, 725. 
deposits, 713. 
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Ores: sulfo-telluride: cyaniding, 127. 
roasting, 118. 
telluride : cyaniding, 127. 
roasting, 118. 

Organization, industrial, mental factors, 810. 

Overpoling, copper refining, 312. 

Oxidation, copper, speed, 704. 

Oxygen: and hydrogen, opposing action in precipitation, 113. 
effect on cyanide precipitation, 111. 
in copper alloys, 387. 

Oxygen and Sulfur in the Melting of Copper Cathodes (Skowronski), [xiii, xxvii], 307. 

Pack, Charles: Die Castings and Their Application to the War Prograpij 577. 
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Pao Tai Mining & Smelting Co., antimony smelting, 11 

Parral system, agitation, 107. 

Pennsylvania Railroad Anti-friction and Bell Metals (Waring), [xxviii], 166. 
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Phillips, Arthur: Discussion on a Comparison of Grain-size Measurements and 
Brinell Hardness of Cartridge BrasSj 449. 

Phosphor bronze, physical properties, 173. 

Phosphorus inclusions in copper, photomicrographs, 394. 

Phosphorus, in copper, 392. 

Photomicrographs: alumina in copper, 396. 
brass, cartridge, 435, 453. 
copper: effect of gases, 338. 

effect of hydrogen, 334, 338. 
effect of mechanical tests on wire, 478. 
non-metallic inclusions, 388, 393, 399 
iron, Armco, 481, 483. 
molybdenum wire, 640. 
phosphorus in copper, 394. 
quartzite, 138. 
sand in bronze, 399. 
silica brick, 143, 160. 
silicate inclusions in copper, 397. 
tantalum, 631. 
tin bronzes, 200. 
tin oxide, 389. 

tungsten, effect of drawing, 481. 
tungsten rods, 630. 
tungsten wire, 631, 639, 642. 
zinc oxide in copper, 391, 393. 

Physical examinations, mine employees, 784, 786, 789. 

Physical fitness, mine employees, 783. 

Physical properties : bronze, aluminum, 172, 173 
bronze, phosphor, 173. 

Pilling, Norman B.: Action of Reducing Gases on Hot Solid Copper , [xxviii], 322; 
Discussion, 340. 

Pitchblende deposits, 713. 

Plating : copper, see Copper, plating, 
iron with copper, 365. 
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Platinum, ductility, 594. 

Poisoning : carbon monoxide, foundry workers, 414, 
lead, foundry workers, 412. 

Portugal, radium, 716. 

Potash recovery, electrostatic precipitation, 270. 

Potter, James A. and Tobelmann, Henry A. : First Year of Leaching by the New 
Cornelia Copper Co., 22; Discussion, 76. 

Power characteristics, zinc-sulfate electrolysis, 207. 

Power requirement, zinc electrolysis, 221, 239. 

Practice of Antimony Smelting in China (Wang), [xiii], 3. 

Precipitation: cyanide, effect of oxygen, 111. 
dust, 243. 

electrostatic, see Electrostatic precipitation. 

Elko Prince mill, Nevada, 94. 
fume, 243. 

hydrogen action, 113. 
vacuum, 112, 115. 

Prevention of Illness Among Employees in Mines (Lanza), 783] Discussion: (Carrigan), 
785; (Calvert), 787; (Good ale), 788; (Tillson), 788; (Lanza), 788; 
(Wilson), 788; (Willis), 789. 

Price, W. B. : Discussions: on a Comparison of Grain-size Measurements and Brinell 
Hardness of Cartridge Brass, 455. 
on Pure Carbon-free Manganese and Manganese Copper, 373. 

Prices, cadmium, 189. 

Proceedings: Colorado meeting, vii. 

Milwaukee meeting, xxii. 

Production, radium. United States, 723. 

Programs of labor leaders, 769. 

Properties: bearing metals, 166. 

mechanical, see Mechanical properties. 
sihca brick, 145, 146. 

Psychological tests, see Intelligence tests. 

Pure Carbon-free Manganese and Manganese Copper (Braid), [xxvii], 371; Discussion: 

(Price), 373; (Bassett), 373; (Clamer), 373. 

Pyrite Deposits of LeadviUe, Colo. (Lee), [xiv]. 

Pyrometry, research. National Eesearch Council, 807. 

Quartz: calcination, 155. 
density, 151. 
deposits, types, 137. 
purity, 153. 

transformation, 149, 154. 

Quartzite, photomicrographs, 138. 

Radioactive disintegration series, 711. 

Radioactivity, 709, 710. 

Radium (Moore), [xiv, xxviii], 708; Discussion: (Schlesinger), 725; (Moore), 726. 
Radium: Australia, 715. 
camotite deposits, 716. 

Colorado, 716. 

concentration of ore, 722, 725. 

Cornwall, 714. 
discovery, 708. 
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Radium: disintegration series, 711. 
extraction, see Radium^ metallurgy. 
grade of commercial ore, 717. 
history, 708. 

luminous paint, 724, 726. 
mesothorium, 724. 
metallurgy: concentration, 722, 725. 
fusion methods, 719. 
leaching: acid, 720. 

alkaline, 718. 
refining, 722. 

ore: concentration, 722, 725. 
deposits, 713. 
future supply, 723. 
grade, 717. 

pitchblende deposits, 713. 

Portugal, 716. 

production, United States, 723. 
radioa‘ tivity, 709, 710. 

Saxony, 714. 

St. Joachimsthal deposit, 713. 
substitute, mesothorium, 724. 
supply, future, 723. 

United States deposits, 714, 716. 
uses, 723. 

Utah, 716. 

Randall, H. D. : Discussion on Electrostatic Precipitationj 265. 

Rapid determination of sulfur in ore, 125. 

Rathbun, R. B. : Discussion on Electrostatic Precipitationj 273. 

Raymond, Robsiter W.: Biographical Notice of James Douglas, 728, 

Rays, alpha, beta, and gamma, 710. 

Read, J. Burns: Discussion on a Comparison of Grain-size Measurements and Brinell 
Hardness of Cartridge Brass, 456. 

Read, Thomas T.: Mental Factors in Industrial Organization, 810. 

Reconstruction program, British Labor Party, 742, 770, 775. 

Recrystallization of silica, 142. 

Rectification, electrostatic precipitation, 247, 262, 266, 268, 269, 274. 

Reducing gases, action on copper, 322. 

Reduction of area, metals, see Mechanical properties. 

Reduction, zinc ore, distillation products, 281, 

Refining: copper: dust and fume losses, 355. 

volatilization of cuprous chloride, 354. 
copper cathodes, furnace, 307, 312, 354. 

Refractory materials, compressive strength, 139. 

Relation of Sulfides to Water Level in Mexico (Lucke), [xiv]. 

Relation of Sulfur to the Overpoling of Copper (Skowbonski), [xiii, xxvii], 312; Dis- 
cussion: (Clamer), 317; (Gill), 318; (Johnson), 320. 

Research: Government support. National Research Council, 809. 
national council, see National Research Council. 
pyxometry, National Research Council, 807. 
welding, electric. National Research Council, 808. 

Resistance, electrical: iron alloys, 644. 

tungsten and other metals alloyed with iron, 644. 
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Resolution pledging resources for the conduct of the war, Milwaukee meeting, xxiv. 

Resources, cadmium, United States, 188. 

Richabds, Joseph W.: Automatic Copper Plating^ 365. 

Discussions: on First Year of Leaching by the New Cornelia Copper Co., 75; 
on the Tin-plate Industry, 171 ; 
on Volatility of Constituents of Brass, 427 ; 

Ricketts, L. D. : Discussion on Electrostatic Precipitation, 264, 272. 

Roast, Haeold J. : Discussion on Manganese Bronze, 380. 

Roasters, New Cornelia Copper Co., 29. 

Roasting for Amalgamating and Cyaniding Cripple Creek Sulfo-telluride Gold Ores 
(Blompield and Trott), [xiv], 118; Discussion: (Tippett), 131; (Blom- 
pield), 132. 

Roasting: sulfo-telluride gold ores: chemical reactions, 122. 
crushing, 119. 
flue losses, 121. 
for cyanide treatment, 123. 
furnaces, 119. 

zinc ore for electrolysis, 237. 

Roberts, R. T.: Discussion on Bronzes, Bearing Metals, and Solders, 183. 

Rolling: babbitted linings, 463. 

brass, 429. 

Rood, V. S. and Norden, J. A.: Engineering Problems Encountered During Recent 
Mine Fire at Utah-Apex Mine, Bingham Canyon, Utah, [xiv]. 

Roofs, furnace, destruction, 135. 

Rose, C. A.: Discussion on First Year of Leaching by the New Cornelia Copper Co., 69. 

Rosenblatt, Gerard B.: Discussion on Electrostatic Precipitation, 256, 269. 

Rupture of metals, 535, 571. 


Sackett, B. L. : Discussion on Electrostatic Precipitation, 262, 264, 267, 271. 

St. Joachimsthal deposit, radium, 713. 

Sand : in bronze, photomicrographs, 399. 

inclusions in bronze, 400. 

Saxony, radium, 714. 

Schimerka, F. S. : Discussion on First Year of Leaching by the New Corhelia Copper 
Co., 73. 

ScHLESiNGER, W. A.: Discussion on Radium, 725. 

Scrap, non-ferrous: contamination, 375, 384. 

use in making manganese bronze, 375, 379, 380. 

Screen analyses, Barnes-King plant, 99, 102. 

Screen tests, Elko Prince mill, Nevada, 88. 

SiEBENTHAL, C. E. I The Cadmium Supply of the United States, [xxviii], 185. 

Silica: allotropic forms, 137. 
in copper, 398. 
recrystallization, 142. 

Silica brick: crushing strength, 139. 
density of quartz, 151. 
destruction of furnace roofs, 135. 
durability in fumaceTOofs, 135. 
expansion, 148. 

expansion in furnace roofs, 136. 
taking in furnace roofs, 136. 
fusibility, 146. 
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Silica brick : manufacture : calcination, 155. 
crushing of material 155. 
drying, 159. 

fineness of material, 156. 
firing, 159. 
fluxes, 157. 

hardness of material, 154. 
mixing, 158. 
molding, 159. 
purity of quartz, 153. 
quartz pulverization, 153. 
quartz selection, 153. 
quartz transformation, 149, 154. 
wetting, 158. 

melting in furnace roofs, 136. 

photomicrographs, 143, 160. 

properties, 145, 146. 

qualities required, 135. 

quality relation to crushing strength, 144. 

raw material, 137. 

recrystallization, 142. 

rupturing, 147. 

shelling, 147. 

spalling in furnace roofs, 136. 
temperature effect, 141. 
transformation of quartz, 149, 154. 
tridymite network, 137, 143. 

Silicate inclusions in copper, photomicrographs, 397. 

Silver, auriferous, gold movement on surface, 705. 

Silverman, A.: Discussion on Automatic Plating j 370. 

Skowronski, Stanislaus: Oxygen and Sulfur in the Melting of Copper Cathodes, 
[xiii, xxvii], 307. 

Relation of Sulfur to the Overpoling of Copper, [xiii, xxvii], 312. 

Skowronski, S. and McComas, K. W.: Volatilization of Cuprous Chloride on Melting 
Copper Containing Chlorine, 354. 

Smelters, antimony, China, 4. 

Smelting : antimony : China, 3. 
methods, 6. 
electric, zinc ore, 280. 
furnaces, antimony, 4. 

Solder, Its Use and Abuse (Lissberger), [xxviii], 192. 

Solder: abuse, 192. 
appearance, 184. 
breaking stress, 194. 
bursting pressure, 194. 
cadmium as tin substitute, 181. 
cadmium disadvantages, 190. 
cost of material, 190. 
manufacture, method, 192. 
physical properties, 182. 
tensile strength, maximum, 197. 
tin conservation, 181. 
tin segregation, 193. 
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Southwestern Portland Cement Co., electrostatic precipitation, 270. 

Spake, C. R.: Discussion on Manganese Bronze, 382. 

Spectroscopic Determination of Lead in Copper (Hill and Luckeiy), [xxviii], 342. 
Spectroscopic determination of lead in copper: apparatus, 343. 
comparison with analytic method, 347. 
standardization, 344. 
variable conditions, 349. 

Spelter, see Zinc. 

Standards for Brass and Bronze Foundries and Metal-finishing Processes (Erskii^b), 
401; Discussion: (Jones), 414; (Ebskine), 414, 415; (Clamer), 415. 
Stone, G. C. : Effect of Impurities on Hardness of Cast Zinc or Spelter, [xxviii], 303. 
Stoping : contract, Elko Prince mine, Nevada, 82. 

Elko Prince mine, Nevada, 80. 

Stoughton, Bradley; Discussion on Mental Tests in Industry, 766. 

Strain-hardening of metals, amorphous theory, 491, 562. 

Structural bronzes, 180. 

Sulfo-telluride gold ores: cyaniding, 127. 
roasting, 118. 

Sulfur: copper cathode melting, 307. 
copper cathode overpoling, 312. 
effect on the conductivity of copper, 315. 
elimination by manganese, 372, 373. 
rapid determination in ores, 125. 

Sulfur dioxide reduction. New Cornelia Copper Co., 47. 

Sulfuric acid, analysis, leaching, 42. 

Symposium on the Conservation of Tin, [xxviii], 162. 

Aluminum Bronze Industry (Corse), 171. 

Babbitts and Solder (Thompson), 184. 

Bronze Bearing Metals (Clamer), 162. 

Bronzes, Bearing Metals, and Solders (Burgess and Woodward), 175; Discussion: 
(Clamer), 183; (Roberts), 183. 

Cadmium Supply of the United States (Siebenthal), 185; Discussion: (Liss- 
berger), 190; (Hill), 191; (Colcord), 192. 

Pennsylvania Railroad Anti-friction and Bell Metals (Waring), 166. 

Solder, Its Use and Abuse (Lissberger), 192. 

Tin-plate Industry (Buck), 168; Discussion: (Clamer), 171; (Richards), 171. 
Taber, Stephen: Mechanics of Vein Formation, [xiv]. 

Tailing Excavator at the Plant of the New Cornelia Copper Co., Ajo, Ariz. (Moeller), 
[xiv]. 

Tailings removal, leaching. New Cornelia Copper Co., 34. 

Tainton process, electrolytic zinc, 242. 

Tanks, leaching. New Cornelia Copper Co,, 28, 35. 

Tantalum : ductility, 594. 
photomicrographs, 631. 

Taylor, George M.: Discussion on the Effect of Oxygen upon the Precipitation of 
Metals from Cyanide Solutions, 115. 

Telluride gold ores: cyaniding, 127. 
roasting, 118. 

Temperature, effect on mechanical properties of metals, 474. 

Temperature-cohesion curves, 623. 

Tenacity tests on wire, 536, 570, 625. 

Tensile strength: see also Mechanical properties. 
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Tensile strength: solder, 197. 
tungsten, 592. 

Teme-plate, 169. 

Tests: babbitt hardness at varying temperatures, 458. 

Brinell hardness: babbitt, 459. 
brass, 429. 

compressive, on babbitt, 461. 
dental amalgams, crushing strength, 659. 
equilibrium, zinc condensation, 294. 
intelligence, see Intelligence tests. 

mechanical properties of metals, effect of temperature, 486. 
quartz transformation, 150. 
tenacity of wire, 536, 570, 625. 
volatilization of cuprous chloride, 357. 

Theory of the Volcanic Origin of Salt Domes (DeGolyer), [xiv]. 

Thickeners, tray, Elko Prince mill, Nevada, 89. 

Thompson, G. W. : Babbitts and Solder, [xxviii], 184. 

Thoria: effect on tungsten, 595. 

photomicrographs of effect on timgsten ingots, 632. 

Thorium, radioactive series, 712. 

Thum, E. E. : Discussions: on the Condensation of Zinc from Its Vapor, 300; 
on Electrostatic Precipitation, 270. 

Tillson, B. F. : Discussions: on Mental Tests in Industry, 766, 767 ; 
on the New Spirit in Industrial Relations, 780, 781; 
on Prevention of Illness Among Employees in Mines, 788. 

Timbering, Elko Prince mine, Nevada, 84. 

Tin: conservation: aluminum bronze industry, 171. 
babbitt metals, 175, 184. 
bearing metals, 162, 175. 
bronze, 162, 179. 
cadmium in solder, 181. 
methods, 168, 171. 

Pennsylvania Railroad, 166. 
solders, 181, 184, 192. 
symposium, 162. 
tin-plate industry, 168. 
consumption. United States, 168. 
segregation in solder, 193. 
substitutes : antimony in bearing metals, 165. 
cadmium in solders, 181. 
lead in bearing metals, 163. 
thickness on tin plate, 169. 
use by Pennsylvania Railroad in alloys, 168. 

Tin bronzes: constitution, 198. 
heat effect, upper, 198. 
photomicrographs, 200. 

Tin cans, food tests, 170. 

Tin-copper, equilibrium diagram, 172. 

Tin oxide : in bronze, 387. 
photomicrographs, 389. 

Tinr-plate Industry (Buck), [xxviii], 168; Discussion: (Clabojr), 171; (Richards), 171. 

Tin plate: tests with foods, 170. - 
thickness of coating, 169. 
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Tippett, J. M.: Discussion on Roasting for Amalgamating and Cyaniding Cripple 
Creek Sulfo-telluride Gold OreSj 131. 

Tobblmann, Henry A. and Potter, James A.: First Year of Leaching by the New 
Cornelia Copper Co., 22; Discussion, 76. 

To-Cheng smelter, antimony, 5, 6. 

Tonopah Belmont mill, vacuum precipitation, 117. 

Trade unionism, 744. 

Traer, G. W. : Low-temperature Distillation of Illinois and Indiana Coals, [xxix]. 
Tramming, Elko Prince mine, Nevada, 83. 

Trans-crystalline fracture, metals, 531. 

Transformation of quartz, 149, 154. 

Transformers, electrostatic precipitation, 246. 

Traphagen, Henry: Discussion on Manganese Bronze, 385. 

Tridymite network, silica brick, 137, 143. 

Trott, M. J. and Blomfield, A. L. : Roasting for Amalgamating Cripple Creek Sulfo- 
telluride Gold Ores, [xiv], 118. 

Tuberculosis, miners’, 784, 786, 788. 

Tungsten : bibliography, 627. 
carbon effect, 603. 
cohesion, 623. 

comparison with other metals as regards ductility, 593. 

deformation, 607. 

ductile, manufacture, 588. 

ductility characteristics, 593. 

ductility of fibrous metal, 617. 

effect of carbon, photomicrographs, 636. 

equiaxed grains, 591. 

equiaxing temperature, 607. 

etching, 616. 

fibrous, ductility, 617. 

filaments: photomicrographs, 641. 

structure and properties after use, 614. 
fracture, 621. 

germinative temperature phenomena, 607. 
grain growth, time required, 610. 
grain size : bibliography, 628. 

effect of incomplete fusion, 602. 
effect of temperature, 599, 612. 
effect of thoria, 595. 
effect of time, 612. 
grain structure, 591. 
manufacture, 588, 627. 

mechanical properties at various temperatures, 498, 521, 542. 
metallography, 588. 

mounting of metallographic specimens, 616. 
photomicrographs, 630. 

effect of drawing, 481. 
physical properties, 588. 
polishing, 616. 

powder, preparation, 589, 627. 
resistance, electrical, 644. 
rods : manufacture, 590. 
photomicrographs, 630. 
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Tungsten: structure: effect of temperature, 599. 
effect of thoria, 595. 

tensile strength and elongation, see Mechanical 'properties, tungsten. 
thoria effect, 595. 
weldability, 616. 
wire: grain structure, 619. 
manufacture, 592. 
photomicrographs, 631, 639, 642. 
working, 590, 628. 
working properties, 604. 
wrought : bibliography, 628. 
deformation, 607. 
equiaxing temperature, 607. 
germinative temperature, 607. 
manufacture, 588, 628. 
working operation, 590. 

Tungsten carbide, 603. 

Two Instances of Mobility of Gold in Solid State (Keller), 698. 

Underwood die-casting machine, 577, 578. 

Unionism, Trade, 744. 

United States: pitchblende deposits, 714. 

radium deposits, 714, 716. 

Uranium: Australia, 715. 
radioactive series, 712. 

Use of Coal in Pulverized Form (Collins), [xiii, xxix]. 

Use of Cripples in Industry (Munroe), 748; Discussion: (Munroe), 750. 

Uses, radium, 723. 

Utah, carnotite deposits, 716. 

Vacuum die-casting machine, 578, 583, 584. 

Vacuum precipitation, 112, 115, 

Vanadium, zinc electrolysis, 227. 

Vapor, zinc, condensation, 280. 

Vapor pressure: alloys, 418. 
brass, 419. 
metals, 416. 

partial, metals in solution, 418. 
zinc from brass, 419. 

Veiller, Lawrence: Discussion on Housing, 817. 

Ventilation, foundry, 403, 406, 414. 

ViETs, F. H. : Discussion on Electrostatic Precipitation, 266. 

Vocational training : advantages, 796, 799. 
crippled soldiers, 749. 
difficulties, 801. 

Federal Act, 792, 794, 803. 
mining communities, 792. 

Volatility of Constituents of Brass (Johnston), [xxviii], 416; Discussion: (Richards), 
427. 

Volatilization: alloys, 416. 
brass constituents, 424. 
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hardness: effect of impurities, 303. 
commercial, 303. 
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fractional distillation, 186. 
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power characteristics, 207. 

Zinc vapor, condensation, 280. 
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